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“Non basta guardare,  
occorre guardare con occhi che vogliono vedere,  
e che credono in quello che vedono.” 
 
(Galileo Galilei) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
4 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 5 
 
Acknowledgments 
 
I would like to thank Prof. Flavio Maran for believing in me since the first 
time. He gave me the opportunity to complete my Thesis work in the University 
of Connecticut (UCONN, Storrs, CT). Most importantly, I would like to thanks 
him for his moral and financial support, and for the thousands of good advice that 
helped me to grow professionally and temperamentally in these months. 
I would like to thank Prof. James Rusling, (Department of Chemistry of 
the University of the Connecticut – UCONN, Storrs, CT) for his great hospitality, 
the financial support and the opportunity that he gave me to work in his research 
group: in those months, I learnt many things about the immunosensors’ world. 
I would like also to thanks Dr. Dharamainder Chaudary (UCONN Health 
Center, Farmington, CT) to provide me Nanog biomarker samples and the relative 
antibodies and Prof. Edward Samulski (Department of Chemistry, University of 
North  Carolina,  Chapel  Hill,  NC)  for  clearing  to  all  my  doubts  about  IRRAS 
investigation, even though he did not know me directly. 
I am grateful to all members of Prof. Maran’s group: from Dr. Sabrina 
Antonello,  who  constantly  helped  and  supported  me  even  in  the  most  critical 
moments with good advices, to Martina for her friendship and for making more 
pleasant  the  hard  lab’s  days  with  her  songs  and  Ivan,  for  providing  me  all 
peptides,  even  in  relatively  short  times.  A  special  thank  is  addressed  to 
Pierangelo, which initially convinced me to take this road and after passed me his 
knowledge about SAMs’ procedure ... (lo ringrazio un po’ meno per le costanti 
battutine a doppio senso con cui mi perseguitava ogni giorno).  
I am grateful also to all members of Prof. Rusling’s group that followed 
and helped me during the period that I spent there. In particular Bhaskara, for 
teaching me everything I know now about the biosensors (although sometimes the 
experiments followed more a mystical way, that a scientific one with all those 
“Abrakadabra”),  and  Ruchika  for  her  support  and  advices.  I  would  say  also 
thanks  to  Ahbay,  Danuka,  Vigneshwaran,  Alex,  Linlin,  Collen,  Sadagopan, 
Niamesh, Shenmin, and the others. 
  
 
6 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 7 
 
Index 
 
Chapter 1. Introduction  ..............................................................................  9 
 
1.1 Biosensors ........................................................................................  9 
1.1.1 Electrochemical Immunosensors .............................................  11 
1.1.2 Microfluidic Electrochemical Device for High Sensitivity 
Biosensing ...............................................................................  13 
1.1.3 Nanog Protein as Biomarker of Cancer  ..................................  14 
1.2 Self-Assembled  Monolayers (SAMs) as a Platform for 
Biosensors  .....................................................................................  16 
1.2.1 Electron Transfer through SAMs   ............................................  17 
1.2.2 Self-Assembled Monolayer  ....................................................  19 
1.2.3 Types of Substrates and Characterization of SAMs ................  21 
1.2.4 Nature of the Metal-SAM Interface .........................................  23 
1.2.5 Organization of the Organic Layer ..........................................  25 
1.3 Gold Electrochemical Biosensors ............................................  27 
1.4 a-Aminoisobutyric Acid 310-Helices as Adsorbate for 
SAMs...............................................................................................  28 
1.4.1 Characteristic of the Investigated Aib-Homopeptides .............  33 
1.5 Purposes of the Thesis ................................................................  36 
 
 
Chapter 2. Experimental   ..........................................................................  38 
 
2.1 Chemicals .......................................................................................  38 
2.2 Preparation of HRP Single Electrodes ....................................  38 
2.3 Fabrication of the Microfluidic Device and Preparation of 
Eight-Electrode Array .................................................................  42  
 
8 
 
2.4 Gold Preparation and SAM Formation .................................. 44 
2.5 Instruments .................................................................................... 46 
2.5.1 Electrochemistry  ...................................................................... 46 
2.5.2 IRRAS ..................................................................................... 46 
 
Chapter 3. Results and Discussion  .................................................... 47 
 
3.1 Electrochemical Immunosensors ............................................. 47 
3.1.1 Characterization of AuNP Platform  ....................................... 47 
3.1.2 Electrochemistry Immunosensors ........................................... 50 
3.1.3 Analysis of the Immunosensors’ Performance........................ 53 
3.2 IRRAS Characterization of Peptide SAM ............................. 69 
3.2.1 The Metal-Surface Selection Rule .......................................... 70 
3.2.2 Characterization of Aib-Homopetides .................................... 74 
3.2.3 Characterization of Aib-Homopeptide SAMs ......................... 79 
3.2.4 Determination of the Orientation of Adsorbed Molecules ...... 93 
3.2.5 Determination of the Thickness of the Monolayer  ................ 100 
 
Chapter 4. Conclusions  ......................................................................... 103 
 
Chapter 5. References  ............................................................................ 107 
 
 
 
 
 
  
 
 
 
 9 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
10 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 11 
 
1.  Introduction 
 
1.1 Biosensors 
 
The IUPAC definition of a chemical sensor is a: “a device that transforms 
chemical  information,  ranging  from  the  concentration  of  a  specific  sample 
component to total composition analysis, into an analytically useful signal. The 
chemical information may originate from a chemical reaction of the analyte or 
from  a  physical  property  of  the  system  investigated.  A  chemical  sensor  is  an 
essential component of an analyzer. In addition to the sensor, the analyzer may 
contain devices that perform the following processing. Chemical sensors contain 
two basic functional units: a receptor part and a transducer part. In the receptor 
part of a sensor, the chemical information is transformed into a form of energy 
that may be measured by the transducer. The transducer part is a device capable of 
transforming the energy carrying the chemical information about the sample into a 
useful analytical signal”.
1 
“A  biosensor  is  a  particular  kind  of  chemical  sensor  that  uses  specific 
biochemical  reactions  mediated  by  isolated  enzymes,  immunosystems,  tissues, 
organelles  or  whole  cells  to  detect  chemical  compounds  usually  by  electrical, 
thermal  or  optical  signal”.
1  Nowadays  the  interest  about  biosensors  is  rapidly 
increasing especially in the fields of health care, food and environmental quality. 
A representative example is provided by the glucose biosensor, which is 
used by millions diabetic people all over the world. Now people can make by 
themselves a fast control of their glucose level everywhere and, depending on the 
output  of  the  sensor,  they  can  inject  the  exact  amount  of  insulin  to  bring  the 
glucose to an optimal level.
2 
 For  these  reasons,  economic  investments  aimed  to  supporting  the 
biosensor research are increasing. The technology behind biosensors is wide and 
multidisciplinary, ranging from biology, chemistry, engineering and electronics, 
all these disciplines being necessary to create a well performing biosensor.
3,4   
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A biosensor is made by two essential components integrated: a bioreceptor 
and  a  transducer.  The  first  one  is  a  biological  molecule  that  can  specifically 
interact and recognize the molecules present in the sample analyte, for example 
proteins,  DNA,  enzymes,  but  also  a  whole  cell.  The  second  component  is  an 
electrochemical  or  optical  device  that  converts  the  recognition  event  into  a 
measurable signal (Figure 1).  
 
Figure 1. General biosensor scheme. 
 
The  outcome  is  both  qualitative  and  quantitative  because  while  the 
specificity of the signal is guaranteed by the bioreceptor, the intensity is most 
often related to the concentration of the analyte.  From these considerations, we 
infer the most important features that a good biosensor should possess: 
I.  The bioreceptor must have a very high specificity toward the analyte, a 
good  stability  under  different  experimental  conditions,  and  a  good 
reproducibility; 
II.  The transducer must have good properties as either an electron transfer 
mediator or an optical device, and it should be stable and easily modified 
or functionalized;  
III.  To allow for a fast and easy utilization, the pre-treatment phase should be 
minimal.  It  also  is  important  to  keep  at  minimum  the  number  of 
parameters that could influence the performance of the measurement; 
IV.  The output should be accurate, easily understandable, reproducible, free of 
background noise, and in the range of interest; 
V.  It should be cheap and user friendly.   13 
 
Based  on  the  position  of  the  transducer,  there  are  three  main  types  of 
biosensors;  the  products  of  the  reactions  diffuse  to  the  transducer  causing  an 
electrical signal; the products of the reactions are identified by a mediator that 
interacts  with  the  transducer  to  generate  the  signal;  the  reaction  itself  is 
recognized by the transducer.
  The transducer can then be classified according to 
the  mechanism  of  analyte  recognition.  Electrochemical,  optical,  and  thermal 
biosensors  can  be  identified  based  on  the  type  of  signal  used  for  gathering 
information about the analyte.
5  
Electrochemical  biosensors  can  be  classified  according  to  the  specific 
electrochemical method  employed. A potentiometric biosensor is based on the 
measurement of variations of the electrode potential with respect to a reference 
electrode, or the potential difference between two references electrodes separated 
by  a  permeoselective  membrane.
6  An  amperometric  biosensor  measures  the 
current generated by an applied potential between two electrodes.  
Optical biosensors are based on surface plasmon resonance, and they have 
recently  received  considerable  attention  owing  to  their  high  accuracy  and 
reliability. They measure the different ways by which materials or molecule may 
interact with the light (absorbance of the light, the reflected light, the light output 
by a luminescent reaction, etc.). One of the most popular materials used in this 
field is gold nanoparticles of suitable size.
7 
Thermal (calorimetric) biosensors measure the difference of temperature 
before  and  after  the  reaction.  In  fact,  the  majority  of  the  enzymes  catalyze 
exothermic reactions and thus the heat generated can be measured.
8  
 
1.1.1 Electrochemical Immunosensors 
 
Sensitive quantitative detection of protein biomarkers is critical to many 
areas of biomedical research and diagnostics, systems biology, and proteomics. 
Biomarker levels in serum can detect and monitor diseases such as cancer. In this 
context, sensors need to be simple operationally, capable of rapid multiplexed 
detection,  inexpensive,  and  must  display  sufficiently  good  sensitivity  and 
detection limits to address the levels of the biomarkers in both normal and cancer 
patient serum.
9  
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Conventional  ways  of  measuring  proteins  include  enzyme-linked 
immunosorbent  assays  (ELISA),  radioimmunoassay  (RIA),  electrophoretic 
immunoassay, and mass spectroscopy-based proteomics. These techniques often 
involve  sophisticated  instrumentation,  significant  sample  volumes,  limited 
sensitivity  and  clinically  unrealistic  expense  and  time.  ELISA-like  approaches 
have  been  successfully  adapted  to  immunoarrays  systems.  These  ultrasensitive 
multilayer  arrays,  relying  on  optical  or  electrical  detection,  have  considerable 
promise for achieving point-of-care measurement.
9 
Immunosensors are biosensors based on the antigen-antibody interaction, 
which  is  responsible  for  eventually  generating  the  actual  signal.  This  type  of 
biosensors has, in principle, high specificity and low limit of detection thanks to 
the extreme affinity that antibodies have for their antigen. Whereas antibodies are 
proteins produced by the immune system, antigens can be a variety of different 
molecules, from protein to DNA, lipids, etc.
 10 In the following, we provide a brief 
description of the structure of antibodies to appreciate better how they work and 
can be used in biosensors. 
Antibodies are heavy globular plasma proteins (150 kDa). They are also 
called glycoproteins because they are composed by sugar chains and amino acid 
residues  (Figure  2).  The  basic  functional  unit  of  each  antibody  is  an 
immunoglobulin monomer, but it can be also dimeric, tetrameric or pentameric.
 11 
 
 
 
Figure 2. Antibody’s structure cell.  15 
 
The monomer has a “Y” form, which is made of 4 chains: two identical 
light  and  two  identical  heavy  chains.  These  chains  are  connected  by  disulfide 
bonds. Both chains are also divided in two regions: one constant and one variable. 
The variable regions of both the heavy and of the light chains interact to form the 
antigen  binding  site,  and  thus  each  monomer  has  two  sites  with  the  same 
specificity to recognize and link the antigen. The constant region of the heavy 
chains determines the function of the antibody.
11 
Immunosensors are most often optical or electrical and therefore antigens 
and  antibodies  themselves  are  not  sufficient  to  generate  a  sizeable  detection 
signal.  For  this  reason,  to  permit  the  transfer  of  the  signal  it  is  necessary  to 
conjugate a label molecule or a material to the first antibody; gold nanoparticles 
are often used for their particular properties. The chemical groups of the antibody 
used for conjugations are mainly amine (-NH2), thiol (-SH), or hydroxyl (-OH) 
groups.
12-13  
Of  particular  relevance  to  the  work  carried  out  during  this  Laurea 
Magistrale thesis, which based on electrochemical biosensors, is the presence of a 
redox enzyme. To increase the electric signal, a secondary antibody (Ab2) is often 
added.  Its  function  is  to  bind  both  to  the  analyte  protein/s  and  to  the  redox 
enzyme, such as horseradish peroxidase (HRP). Rusling and co-workers found 
that, there are 14-16 HRP units per secondary antibody.
9 On the other hand, the 
same authors found that sensitivity is greatly amplified by using magnetic beads 
bioconjugated with HRP labels, the number of active HRP per nanoparticle being 
estimated to be 7500.
9  
 
1.1.2  Microfluidic Electrochemical Device for High 
Sensitivity Biosensing 
 
Another aspect relevant to my Thesis concerns microfluidic devices. The 
latter  have  the  ability  to  analyze  very  small  quantities  of  sample,  to  limit  the 
reagent use, and to carry out analyses at high resolution and sensitivity, low cost, 
and in short time. Microfluidic devices have applications in biology, chemistry 
and medicine, including measurement of diffusion coefficient, fluid viscosity, and  
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binding constant, as well as DNA analysis, cell separation, cell pattering, capillary 
electrophoresis  and  immunoassays.  Implementing  biosensors  in  microfluidic 
format  provides  a  potentially  more  efficient  approach  to  control  and  automate 
sample introduction and steps such as washing and reagent addition. By coupling 
with  microfluidics,  immunoassay  procedures  could  potentially  be  made  fast 
enough for point-of-care without sacrificing sensitivity.
14 
Microfluidics  devices  are  commonly  fabricated  in  glass,  silicon,  or 
polymers,  with  polymers  finding  considerable  recent  attention. 
Poly(dimethylsiloxane)  (PDMS)  is  used  extensively  to  fabricate  these 
microfluidic  devices  using  photolithography  or  more  simply  by  polymer 
deposition  onto  molds.  The  work  carried  out  in  the  Rusling  group  at  the 
University  of  Connecticut,  and  relevant  to  this  Thesis  research,  relies  on  an 
electrochemical sensor constructed by integrating injection-molded electrodes into 
a polystyrene micro-flow channel.
14 A simple microfluidic device was used for 
electrochemical  biosensing,  fabricated  by  mold  deposition  and  validated  by 
sensitive  detection  of  hydrogen  peroxide.  The  device  features  a  single 
microfluidic channel made from PDMS coupled to a fixed volume injector, and 
incorporates a biocatalytic sensing electrode, a reference electrode and a counter-
electrode.  PDMS  was  chosen  because  it  is  easily  moldable,  soft  and  readily 
integrated  with  outside  components,  and  effective  protocols  exist  to  inhibit 
biomolecular  contamination.  Whereas  the  detection  limits  of  biomarkers  in  a 
microfluidic  biosensor  are  usually  better  than  those  obtained  with  a  simple 
rotating-disk electrode in a conventional electrochemical cell, the sensitivity is 
comparable between the two systems. The improvement of detection limit may be 
related to a better control of mass transport in the microfluidic system compared 
to the rotating-disc electrode system, leading to better signal-to-noise.
14  
 
1.1.3 Nanog Protein as Biomarker of Cancer   
 
A few words about the specific biomarker protein used in my Thesis work 
are  necessary.  The  stem-cell-abundant  protein  Nanog  is  highly  expressed  in 
undifferentiated embryonic stem (ES) cells and regulates stem-cell differentiation. 
Nanog is a unique homeobox transcription factor and has a homeodomain with 17 
 
homology to members of the natural killer gene family; indeed it has a similar 
critical role in regulating the cell fate of the pluripotent ICM (inner cell mass) 
during  embryonic  development,  maintaining  the  pluripotency  epiblast  and 
preventing differentiation.
15 
This  protein  may  play  a  role  in  carcinogenesis  of  embryonic  cancer, 
gliomas, liver cancer, gastric cancer, and other cancers. The role of Nanog in the 
transformation  of  cervical  epithelial  cells  carcinoma,  and  the  occurrence  and 
development  of  cervical  carcinoma  have  not  been  investigated  in  detail.  The 
expression  of  Nanog  in  cervical  epithelia  lesions  of  varying  severity  and  in 
cervical carcinoma by immunohistochemical analysis have been addressed.
15 The 
specimens were obtained from 253 patients: of these 49 had a normal cervical 
epithelia, 31 had mild dysplasia (CIN I), 77 had moderate-severe-dysplasia (CIN 
II-III)  and  78  had  squamous  cervical  carcinomas  (SCC).  They  found  that  the 
expression  levels  of  Nanog  were  higher  in  sample  from  SCC  patients  than  in 
samples from patients  with normal cervical epithelia and CIN; they were  also 
higher in samples from patients with CIN than from those with normal cervical 
epithelia. Nanog expression levels showed also significant differences according 
to different tumor sizes (Figure 4).
15 
      Nanog       
  Total  
N = 235 
0 (-) 
N = 26 
1 (+) 
N = 85 
2 (++) 
N = 76 
3 (+++) 
N = 48 
P 
             
Normal  49  17  22  8  2  0.000 
CIN I  31  2  18  9  2  0.009 
CIN II-III 
SCC 
77 
78 
4 
3 
25 
20 
35 
24 
13 
31 
0.015 
0.017 
 
Figure 3. Expression of Nanog in cervical epithelial lesions of varying severity: 
- 0(-) = < 5% positive cells; 
- 1(+) = 5-25% positive cells; 
- 2(++) = 26-75% positive cells; 
- 3(+++) = more than 76% positive cells. 
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Figure 4. Nanog expression and localization in (A) normal cervical epithelial 
cells; (B) CIN I cells; (C) CIN II-III cells; (D) SCC cells. The distinct brown color 
indicative of Nanog was detected in the cytoplasm of the positive cells.   
 
1.2 Self-Assembled  Monolayers (SAMs) as 
Platforms for Biosensors 
 
The  building  of  biochemical  sensors  and,  particularly,  electrochemical 
biosensors based on the deposition of functionalized layers on solid substrates is 
gaining increasing importance.
16 Making surfaces that can be used for biosensing 
involves  surface  modifications  aimed  at  specifically  changing  the  way  they 
interact with the environment, usually a solution. Biosensors are devised to bind 
the analyte and transduce the binding event to a sizeable output signal, whether 
optical or electrochemical, that can be used for quantification. The nature of the 
surface is of paramount importance to determine the performance of the device or 
sensor. In electrochemical biosensors, where detection is associated with the onset 
of  a  reduction  or  an  oxidation  current,  the  second  important  ingredient  for 
devising  a  well-performing  system  is  the  efficiency  of  electron  transfer  (ET). 
Understanding  and  controlling  electron  conduction  through  the  monolayer  (or 
multilayer) interposed between the underlying conducting substrate and solution 
species  diffusing  in  proximity  of  the  outer  monolayer  interphase  is  indeed 
essential  for  transducing  the  biomolecule  recognition  into  a  significantly  large 19 
 
electrochemical current. In recent years, several groups have been studying ET 
reactions through metal electrode – organic monolayer systems, particularly those 
based on self-assembled monolayers (SAMs) obtained by spontaneous adsorption 
of  thiolated  molecules  or  disulfides  onto  gold  substrates.
16b,17  Main  factors 
affecting the ET rate through SAMs are the monolayer thickness, the structure and 
orbitals  of  the  adsorbed  thiols,  the  presence  of  ionic  or  pH-sensitive  terminal 
groups on the solution side, and further factors related to the solution. 
 
1.2.1 Electron Transfer through SAMs 
 
Understanding the mechanisms of ET reactions is a fundamental challenge 
in  a  variety  of  areas  of  chemistry  and  biochemistry.
18-21  Considerable 
achievements in this direction have been gathered by studying long-range electron 
or  hole  transfers  in  proteins
20a  and  DNA.
21a  Long-range  ET  reactions  are 
intrinsically  nonadiabatic  and  may  proceed  by  different  mechanisms.  One 
important path for long-range ET is provided by the superexchange mechanism, 
where the electron tunneling is mediated by the bridge separating the donor and 
the acceptor but without transient occupation of the bridge electronic states.
19a,22 
The ET rate constant depends on the electronic coupling between the reactant and 
product states at the transition state and is proportional to exp(-bdDA), where dDA 
is the donor-acceptor distance and b is the exponential factor describing the falloff 
rate through the specific bridge. Alternatively, the bridge may provide localized or 
partially delocalized electronic states where electrons may hop by an incoherent 
mechanism.
21a,23 Because electron injection into the first bridge unit is the slow 
step, the ET rate is mildly dependent on the increase of bridge units. Sequential 
electron hopping may become more efficient than superexchange when the bridge 
is  made  sufficiently  long.  Such  a  competitive-reaction  scheme  has  received  a 
general consensus for charge transfer across DNA strands,
21a,23a but it has not been 
clearly  assessed  whether  this  scheme  can  be  extended  to  proteins  and  thus 
peptides,
24  unless  suitable  amino-acid  side-chain  groups  are  present  along  the 
peptide chain.
25  
Long-range  ETs  have  been  extensively  studied,  using  freely  diffusing 
donor  –  molecular  bridge  –  acceptor  systems  (with  either  outer-sphere
19a  or  
 
20 
 
dissociative-type  acceptors
26),  electrode  –  molecular  bridge  –  electrode 
junctions,
27  and  electrode  –  SAM  –  redox  moiety,  where  the  latter  (e.g.,  a 
ferrocenyl group or a redox protein) is covalently or electrostatically bounded to 
the solution side of the SAM’s adsorbate/s.
17a,17b,17e,28-32 The distance dependence 
of  the  ET  rate  and  thus  the  observed  b  factor  depend  on  the  actual  molecule 
forming the monolayer and thus the nature of the bonds of the bridge separating 
donor  and  acceptor.  With  alkanethiol  ferrocene-terminated  SAMs,  where  only 
saturated C-C bonds are present, the dependence is exponential, in agreement with 
the superexchange mechanism.
28 On the other hand, different outcomes have been 
reported  for  peptide  SAMs  decorated  by  ferrocene  moieties.  Whereas  some 
peptide SAMs display a simple exponential dependence, though with b values 
remarkably  smaller  than  for  hydrocarbon  chains,  there  are  reports  of  the 
observation of very mild distance dependences of the ET rate (b < 0.1 Å
-1) that 
were interpreted as due to a hopping ET mechanism or to the dynamics of the of 
a- or b-amino acid peptide chain.
29,30a,33 
The number of ET studies based on the determination of ET rate constants 
between SAM-modified electrodes and freely diffusing solution species is more 
limited
31a,34-39  and,  in  fact,  no  study  has  been  yet  reported  for  peptide  SAMs. 
Indeed, the use of soluble redox probes is often employed to test how tight and 
blocking is a given SAM. Generally, the use of solution redox probes is affected 
by problems in assessing and controlling the quality and packing of the SAMs 
(see below), which implies a possible penetration of the redox species through the 
SAM defects and thus an apparent increase of the ET rate. The effect of having 
charges on the SAM periphery or different pH values and electrolytes is solution 
has been addressed. Electrostatic repulsion between charged head groups in the 
outer  monolayer  periphery  and  charged  probes  influences  the  ET  rate  quite 
significantly.  For  example,  alkanethiols  with  positive  terminal  functionalized 
groups  and  self-assembled  on  gold  can  block  ET  between  the  substrate  and  a 
positively  charged  electroactive  species  dissolved  in  the  electrolyte  solution.
40 
Most studies, however,  have been carried out with uncharged monolayers and 
constant solvent/electrolyte conditions, and thus imply no coulombic corrections 
in the definition of the ET rate constant.  21 
 
Beside  intrinsic  factors  directly  related  to  the  chemical  nature  of  the 
molecules forming the SAM, there are important issues concerning the dynamics 
of  the  SAM
41  and  the  quality  of  the  latter.  Indeed,  although  making  SAMs 
involves relatively simple chemistry, the resulting modified surfaces are affected 
by  heterogeneity  in  coverage  and  this  may  affect  signal  transduction  in 
electrochemical  sensors.  For  example,  by  using  a  fluorescence-microscopy 
electrochemical method, Bizzotto and co-workers studied the potential-dependent 
desorption of alkanethiolate and DNA SAMs on gold surfaces, and concluded that 
heterogeneity in surface coverage may be stronger than expected.
42 Indeed, the 
main reason why long-range ET through SAMs has been studied mostly by using 
redox groups linked to the end of the monolayer adsorbate is that this strategy 
helps minimizing the problem of defects, as the presence of the latter should not 
affect (at least for sufficiently well-packed SAMs) the main electron tunneling 
pathway, i.e., through bonds. On the other hand, transduction in sensors involves 
detection of redox species dissolved in solution and thus a preliminary screening 
of  the  ET  mediating  property  of  a  given  SAM  needs  to  be  based  on  the 
observation of the electrochemical behavior of a freely diffusing redox probe. ET 
occurs by electron tunneling through the SAM but also through pinholes and other 
defects.  The  observed  ET  rate  constant  is  thus  generally  the  result  of  a 
combination  of  contributions  and  discerning  between  them  is  a  difficult 
task.
34,43,44 
 
1.2.2 Self-Assembled Monolayer 
 
SAM  form  from  spontaneous  adsorption  of  a  molecular  layer  onto  a 
substrate. Bare surfaces of metals and metal oxides tend to accidentally adsorb 
organic materials readily because these adsorbates lower the free energy of the 
interface between the metal or metal oxide and the environment. These adsorbates 
also alter interfacial properties and can have a significant influence on the stability 
of nanostructures of metals and metal oxides. The organic material can act as a 
physical or electrostatic barrier against aggregation, decreasing the reactivity of 
the surface atoms, or act as an electrically insulating film. Surfaces coated with 
these materials, however, are not well defined as do not present specific chemical  
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functionalities  and  do  not  have  reproducible  physical  properties  (e.g., 
conductivity, wettability, or corrosion resistance). Nevertheless, SAMs provide a 
convenient,  flexible,  and  simple  system  with  which  to  tailor  the  interfacial 
properties of metals, metal oxides, and semiconductors.
45-55 
SAMs form by the adsorption of molecular constituents from solution or 
gas phase onto the surface of solids. The adsorbates organize spontaneous into 
crystalline or semicrystalline structures.
56 The molecules (or ligands) that form 
SAMs have a chemical functionality, or “head group”, with a specific affinity for 
a substrate. There are a number of head groups that bind to specific metals, metal 
oxides, and semiconductors, but the most extensively studied class of SAMs is 
derived from the adsorption of alkanthiols on gold. The high affinity of thiols for 
the  surfaces  of  noble  and  coinage  metals  makes  it  possible  to  generate  well-
defined organic surfaces with useful and highly alterable chemical functionalities 
displayed  at  the  exposed  interface.  SAMs  are  therefore  nanostructures  with  a 
number of useful properties. The composition of the molecular components of the 
SAM determines the atomic composition of the SAM covering the surface. This 
characteristic  makes  it  possible  to  use  organic  synthesis  to  tailor  organic  and 
organometallic structures at the surface with positional control approaching ~0.1 
nm. SAMs can be fabricated into patterns having 10-100 nm scale dimensions 
parallel  to  the  surface.  SAMs  are  well-suited  for  studies  in  nanoscience  and 
technology because of the following characteristics: 
1) They are easy to prepare, that is, they do not require ultrahigh vacuum 
(UHV) or other specialized equipment (e.g. Langmuir-Blodgett (LB) troughs) in 
their preparation. 
2)  They  form  on  objects  of  all  sizes  and  are  critical  components  for 
stabilizing  and  adding  function  to  preformed,  nanometer-scale  objects  (for 
example, thin films, nanowires, colloids, and other nanostructures, they are also 
suitable for biomolecules immobilization). 
3) They can couple the external environment to the electronic (current-
voltage responses, electrochemistry) and optical (local refractive index, surface 
plasmon frequency) properties of metallic structures. 
4)  They  link  molecular-level  structures  to  macroscopic  interfacial 
phenomena, such as wetting, adhesion, and friction. 23 
 
5) Flexibility to design the head group of SAM with various functional 
groups  in  order  to  accomplish  hydrophobic  or  hydrophilic  surface  as  per  the 
requirements. 
6) Ability to unravel molecular level information about phenomena such as 
protein  adsorption,  DNA  hybridization,  antigen-antibody  interaction  etc.  using 
surface sensitive techniques such as scanning probe microscopies.
5 
 
1.2.3  Types of Substrates and Characterization of SAMs 
 
The substrate is the surface on which a SAM forms. Types of substrates 
range from planar surfaces (glass or silicon labs supporting thin films of metal, 
metal  foils,  single  crystals)  to  highly  curved  nanostructures  (colloids, 
nanocrystals, nanorods). Planar substrates are widely used for characterizing the 
structure-property relationships of SAMs because they are easy to prepare and 
compatible with a number of techniques for surface analysis and physicochemical 
characterization  such  as  cyclic  voltammetry,  scanning  probe  microscopies, 
infrared reflectance absorption spectroscopy (IRRAS), Raman spectroscopy, X-
ray photoelectron spectroscopy (XPS), near edge X-ray absorption fine structure 
spectroscopy,  contact  angle  goniometry,  optical  ellipsometry,  surface  plasmon 
resonance spectroscopy, and mass spectrometry. Other metallic nanostructures, 
such  as  nanoparticles,  can  also  support  SAMs,  and  these  systems  can  be 
characterized by many other techniques. 
The structures of SAMs and the mechanisms by which they assemble are 
topics  that  have  evolved  considerably  over  the  past  two  decades,  particularly 
because  there  have  been  substantial  advances  made  in  methods  suitable  for 
characterizing them. The development of scanning probe microscopies provided 
powerful new capacities to study both the structural organization of SAMs and the 
assembly process at a molecular level. These techniques have greatly extended the 
initial  structural  understandings  derived  mainly  from  spectroscopic  techniques 
(IRRAS,  XPS,  ellipsometry,  etc.)  and  physical  methods  (principally  studies  of 
wetting). The extensive literature on SAMs has established a common point of 
view that SAMs naturally exhibit a high degree of structural order after assembly 
and, therefore, form well-defined phases of organic groups organized in precisely  
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understood lateral organizations on the underlying substrate. In fact, SAMs are 
dynamic  materials  that  include  significant  forms  of  structural  complexities, 
especially  when  immersed  in  fluids.  As  a  rule,  SAMs  embed  intrinsic  and 
extrinsic defects because they adopt adsorbed structures that are directed by the 
thermodynamics of a reasonably complex chemisorption process.  
 
Figure  5.  Schematic  illustration  of  some  of  the  intrinsic  and  extrinsic  defects 
found in SAMs formed on polycrystalline substrates. 
 
The  cartoon  of  Figure  5  shows  how  SAMs  can  be  substantially  more 
complex than the highly ordered arrangements that are commonly assumed. The 
causes of defects in SAMs are both intrinsic and extrinsic. Examples of external 
factors include cleanliness of the substrate, the methods for preparing the substrate 
and the purity of the solution of adsorbate. On the other hand, these defects can be 
eliminated by proper control of the experimental conditions. Examples of intrinsic 
factors are the many structural defects that the substrate has itself and the complex 
phase behaviors due to the dynamic system of the SAMs. These defects can be 
minimized but never completely eliminated. 
The  assembly  process  involves  a  thermodynamic  equilibrium  between 
adsorbates on the surface and their precursors free in solution. Although these 
SAMs may be kinetically stable in the absence of a flux of adsorbate, the high 
coverage  of  the  adsorbate  present  in  the  SAM  is,  in  fact,  thermodynamically 
unstable. Only in a case where the rate of desorption is rigorously zero would the 
SAM be expected to exist for an indeterminate period outside the solution used to 
prepare it. 25 
 
1.2.4 Nature of the Metal-SAM Interface 
 
Most  SAMs  of  practical  interest  are  formed  at  reactive  interfaces.  The 
adsorbate and the substrate are both transformed to some degree by the reactions 
that  lead  to  the  formation  of  the  SAM  itself.  The  chemistry  involved  for  the 
chemisorption of thiols on gold is in principle the most straightforward, but it 
probably remains as the most enigmatic. Because gold does not form a surface 
oxide (as, for example, does silver), the formation of SAMs from thiols is not 
complicated by chemistry that might be required to displace or reduce surface 
oxides. On the other hand the details regarding the nature of the metal-sulfur bond 
and the spatial arrangement of the sulfur groups on the underlying gold lattice are 
still controversial. 
The formation of a thiolate requires the chemical activation of the S-H 
bond  of  the  thiol  (or  the  S-S  bond  of  the  disulfide).  It  is  established  that  the 
adsorption of dimethyl disulfide on Au(111) occurs dissociatively.
57 The reaction 
is reversible, and recombinative desorption of the disulfide is an activated process 
with a barrier of ca. 30 kcal/mol. This energy suggests that a fairly significant 
degree  of  charge  transfer  to  sulfur  must  occur  in  the  thiolates.
58  Of  particular 
interest  was  the  estimation  that  the  barrier  for  the  bimolecular  recombinative 
desorption of an alkanethiolate from a SAM on gold in the form of a  dialkyl 
disulfide is ~15 kcal/mol.
59 This value is approximately a factor of 2 less than that 
deduced in the gas-phase studies. We note here, though, that the two energies are 
not directly comparable given that one also contains contributions from the heats 
of dissolution of the adsorbate as well as the heat of immersion of the substrate in 
the solvent. In this context, the range of reported values appears to be one that 
follows directly from the different forms of the measurements used to assess the 
strength of the Au-S bonding interaction. As the vacuum measurements are most 
easily interpreted, it is reasonable to conclude that the Au-S bond that anchors the 
SAM is, in fact, a reasonably strong one (a homolytic Au-S bond strength on the 
order of ca. -50 kcal/mol) based on the known S-S homolytic bond strength of a 
typical dialkyl disulfide (~62 kcal/mol).
60 
The fate of the hydrogen of the S-H groups still has not been determined 
unambiguously. It seems probable that adsorption in a vacuum leads to loss of the  
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hydrogen in the form of molecular hydrogen. The reductive elimination of H2 
from  Au(111)  is  a  weakly  activated  process.  In  aqueous  solution,  another 
possibility exists. If the thiol hydrogen is not lost in the form of H2, the presence 
of oxygen in the reaction medium might also lead to its oxidative conversion to 
water. In either case, the Au-S bonding interaction in the thiolate is sufficient to 
retain the chains at the surface in a durable fashion and preclude a recombinative 
desorption of a disulfide product at room temperature.  
The  central  bonding  habit  of  the  high-coverage  alkanethiol  phases  on 
Au(111)  is  generally  accepted  to  be  based  on  a  (√3x√3)R30°  overlayer  (R= 
rotated).
61-75 Figure 6 shows this structure schematically. The SAMs formed by n-
alkanethiols  are  usually  described  as  simple  thiolate  adlayers  (chemisorbed 
structures  formed  by  the  activation  of  the  S-H  bond  at  the  gold  surface).
66-67 
Within  this  model  there  has  been  considerable  discussion  of  the  surface  sites 
involved in this bonding. Most studies of SAMs on gold have employed substrates 
presenting a strong (111) texture to support the monolayer. Other studies have 
been  directed  at  different  crystallographic  textures,  although  the  structural 
literature available in these cases is far more limited.
65,68        
                                
Figure 6. Schematic diagram depicting the arrangement of decanethiolates on 
Au(111)  lattice  when  maximum  coverage  of  the  thiolates  is  attained.  (a)  The 
arrangement shows a (√3x√3)R30° structure where the sulfur atoms (dark gray 
circles) are positioned in the 3-fold hollows of the gold lattice (white circles). The 
light gray circles with the dashed lines indicate the approximate projected surface 
area occupied by each alkane chain; the dark wedges indicate the projection of 
the CCC plane of the alkane chain onto the surface. The alkane chains tilt in the 
direction of their next-nearest neighbors; (b) Cross-section of the SAM. 27 
 
1.2.5 Organization of the Organic Layer 
 
The geometric arrangement of the sulfur moieties on the surface and the 
nearest-neighbor distances between the metal atoms at the surface are factors that 
determine the upper limit on the density of molecules on the surface. This two-
dimensional density of molecules may not correspond, however, to the density 
that the same molecules could attain in a crystalline form. The arrangement of 
molecules that is dictated by the placement of the sulfur moieties on the surface 
may not maximize the lateral interactions between the organic components of the 
SAMs. To minimize the free energy of the organic layer, the molecules adopt 
conformations  that  allow  high  degrees  of  Van  der  Waals  interactions  and,  for 
some  molecules  such  as  peptides,  hydrogen  bonds  with  the  neighboring 
molecules;  these  arrangements  yield  a  secondary  level  of  organization  in  the 
monolayer that is important in determining macroscopic materials properties, such 
as wetting and conductivity of the SAMs. 
 
Figure 7. a) Schematic view of an all-trans conformer of a single, long-chain 
alkanethiolate adsorbed on a surface. The tilt angle (α) is defined with respect to 
the surface normal direction. The twist angle (β) describes the rotation of the 
CCC bond plane relative to the plane of the surface normal and the tilted chain; 
b)  Schematic  views  of  single,  long-chain  alkanethiolates  (with  even  and  odd 
numbers of methylene groups) adsorbed on gold. The conserved value of α for 
each produces different projections of the terminal methyl group on the surface.  
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A simple single-chain model is sufficient to facilitate comparisons of the 
organization adopted by different organosolfur compounds with (mostly) linear 
conformations  on  different  types  of  substrates  (Figure  7a).  Two  parameters 
describe the variations in the orientation of the organic molecules in the SAM: the 
angle of tilt for the linear backbone of the molecule away from the surface normal 
(α) and the angle of rotation about the long axis of the molecule (β). As defined in 
Figure 7, α can assume both positive and negative values; values of β range from 
0°  to  90°.    For  SAMs  formed  from  n-alkanethiols  on  gold,  palladium,  silver, 
copper, mercury, platinum, and other metals, the alkane chains  adopt a quasi-
crystalline  structure  where  the  chains  are  fully  extended  in  a  nearly  all-trans 
conformation. The tilts of these chains vary for the various metals: the largest 
cants (α, with an absolute value near 30°) are found on gold, while the structures 
most highly oriented along the surface normal direction arise on silver (α ~10°) 
and mercury (α ~0°). The average β for gold lies near 50°, while for other metals, 
the data, where available, indicates values generally clustered near 45°. These data 
are consistent with space-filling models involving (at least for the case of gold) 
chain tilts lying along the direction of the next-nearest neighbor, i.e., an ordered 
structure  involving  a  hexagonal  arrangement  of  the  sulfur  atoms.  These 
assumptions have been confirmed by the results of diffraction studies.
69,70 
Not all thiolated molecules adopt the same orientations as n-alkanethiols. 
For cases where the steric requirements of the adsorbate preclude the ordering 
found for the n-alkanethiolate structures, evidence of other organizations has been 
detected. The values of α for SAMs formed by n-alkanethiols on Au(111) appear 
to be unique. The tilt of the chain projects an orientation of the average chain in 
which the sign of the tilt angle is conserved regardless of the number of carbons in 
the  alkane  chain.  All  available  data  suggest  that  the  structures  exhibited  by 
thiolate SAMs on gold adopt a value of α ~ +30°. This feature of the assembly 
leads to very different surface projections of the methyl groups for SAMs with 
odd and even numbers of methylene groups (Figure 7b) and correlates strongly 
with the unique wetting behaviors of SAMs on gold; SAMs of thiolates with an 
odd  number  of  methylene  groups  produce  surfaces  whose  free  energies  are 
systematically slightly larger than those with an even number of methylenes. 
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1.3 Gold in Electrochemical Biosensors  
 
There  are  five  characteristics  of  gold  that  make  it  a  good  choice  as  a 
substrate for studying SAMs. First, gold is easy to obtain, both as a thin film and 
as a colloid. It is straightforward to prepare thin films of gold by physical vapor 
deposition, sputtering, or electrodeposition. Although expensive and not essential 
to most studies of SAMs, single crystals are available commercially. Second, gold 
is  exceptionally  easy  to  pattern  by  a  combination  of  lithographic  tools 
(photolithography, micromachining, etc.) and chemical etchants. Third, gold is a 
reasonably inert metal: it does not oxidize at temperatures below its melting point; 
it does not react with atmospheric O2 and it does not react with most chemicals. 
These  properties  make  it  possible  to  handle  and  manipulate  samples  under 
atmospheric  conditions  instead  of  under  UHV.  Gold  binds  thiols  with  high 
affinity, and it does not undergo any unusual reactions with them. Four, thin films 
of gold are common substrates used for a number of existing spectroscopies and 
other  analytical  techniques.  This  characteristic  is  particularly  useful  for 
applications of SAMs as interfaces for studies in biology. Five, gold is compatible 
with cells. SAMs formed from thiols on gold are stable for periods of days to 
weeks when in contact with the complex liquid media required for cell studies. 
The properties of gold nanoparticles (AuNPs), such as light absorption and 
their  excellent  electroactivity,  are  bringing  interesting  immunosensing 
alternatives.  Particular  emphasis  is  given  to  the  different  optical
71  and 
electrochemical
72,73 detection methodologies where NPs show significant impact. 
In  certain  cases,  assays  based  on  nanomaterials  have  offered  significant 
advantages over conventional diagnostic systems with regard to assay sensitivity, 
selectivity,  and  practicatility.
74  AuNPs  are  so  small  that  they  exhibit 
characteristics that are often not observed in the bulk materials. This is due to the 
quantum  size  effect  that  leads  to  unique  optical,  electronic,  and  catalytic 
properties.
75 AuNPs are also fully compatible with biomolecules, when decorated 
with thin organic coatings. This has resulted in their use in sensors for DNA, 
proteins,  organic  analytes,  and  metal  ion.  The  use  of  thiol  groups  for  their 
functionalization is a good way to control the direction of the bond between the  
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label  and  the  biomolecule.  NPs’  involvement  in  DNA,  protein  and  even  cell 
sensing  systems,  have  recently  been  the  most  important  topics  in 
nanobiotechnology.
75  
The  electroactivity  of  AuNPs  allows  the  use  of  both  electrical  and 
electrochemical  techniques  for  their  detection,  which  allowed  to  detect  low 
concentrations of proteins.
76 NPs can be directly detected due to their own redox 
properties  or  indirectly  due  to  their  electrocatalytic  properties  toward  other 
species, such as silver ion reduction.  
It is also worth mentioning that their large surface coupled with an easy 
bioconjugation  make  NPs  excellent  carriers  of  other  electroactive  labels  in 
immunoassay.
75 Nanoscale structures of AuNPs on conductive surface combined 
with high electrical conductivity can facilitate fast ET to and from redox enzymes, 
for  examples  horseradish  peroxidase,  providing  a  sensitive  platform  for 
biosensors. AuNPs have been employed as nanoelectrode relay units transporting 
electrons efficiently and activating enzyme bioelectrocatalysis.
9 The introduction 
of NPs into the traducing platform is commonly achieved by their adsorption onto 
conventional electrode surfaces in various forms, including that of a composite.
75 
 To summarize, modified AuNPs electrodes have very large surface areas, 
are simple to fabricate and functionalized, retain metallic conductivity, and have 
facile biomolecule attachment.
9 
 
1.4 a-Aminoisobutyric Acid 310-Helices as 
Adsorbate for SAMs 
 
The  nature,  stability  and,  for  electrochemical  biosensors,  the  electron 
transfer  properties  of  the  SAM  are  of  paramount  importance  to  determine  the 
performance  of  a  device  or  sensor.  A  question  now  arises:  which  are  the 
molecules of choice to make robust and performing SAM-based electrochemical 
devices? SAMs should be sufficiently chemically and electrochemically stable, 
well organized, and based on easily tunable molecules. The latter aspect includes 
the ease by which the length (which implies modulating the SAM thickness) and 
functionalization (with suitable groups on the molecule end facing the solution) of 31 
 
the  thiolated  molecule  can  be  controlled.  The  presence  of  further  specific 
structural features is also useful, such as the presence of intermolecular hydrogen 
bonds  between  adsorbate  molecules  (such  as  C=O×××H–N  hydrogen-bonds 
between  embedded  amide  groups)  which  increases  the  SAM  robustness.  The 
molecules that conveniently collect all these features, including their particular 
compatibility  with  biomolecules,  are  peptides.  The  following  question  now  is: 
among  all  possible  systems,  which  peptides  are  likely  to  provide  particularly 
suitable systems? 
In this Thesis research, we also describe some self-assembly features of 
thiolated α-aminoisobutyric (Aib) acid homooligomers on activated Au surfaces. 
There are several reasons for considering these peptides as good candidates. Aib 
is  characterized  by  marked  hindrance  at  the  α-carbon  and  restricted  torsional 
freedom (Figure 8).
77,78  
H2N
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Figure 8. α-Aminoisobutyric Acid. 
 
Owing to these features and differently from peptides based on coded α-
amino acids which form stable helices only for rather long oligomers,
79  
Aib peptides adopt a 310-helical structure and are rigid even when short.
80 
Rigidity is ensured by a strong framework of intramolecular C=O   H-N hydrogen 
bonds that causes C=O and N-H groups to align significantly along the peptide 
axis
81 and, therefore, a strong oriented dipole moment arises.  
In  310-helices,  each  intramolecular  C=O   H-N  hydrogen  bond  involves 
residues i and i + 3, a single helical turn requires 3.24 amino acid residues, the 
peptide  length  increases  by  1.94  Å/residue  and  thus  addition  of  a  single  coil 
increases the peptide length by 6.29 Å.
78 The 310-helix is thus more elongated and 
thinner than the a-helix, which typically involves 3.63 residue/coil and a vertical 
pitch  of  1.56  Å/residue.  In  Figure  9  and  in  Table  1  we  compare  different 
properties of the two helices. As opposed to simple alkanethiols where an increase 
in the number of units increases molecular flexibility, Aib peptides become even  
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stiffer  as  the  number  of  residues,  and  thus  of  intramolecular  hydrogen  bonds, 
increases. 310-helices become more tightly wound as they become longer due to 
the  shortening  of  the  H-bonds  that  accompanies  the  stronger  cooperative 
interactions.
81c  
 
                            
Figure  9. Section of 310-helix (on the left) and section of α-helix (on the right). 
 
Table 1: Average parameters for right-handed 310 and α-helices. 
Parameters: 
 
310-Helix  a-Helix 
Φ  57°  63° 
Ψ  30°  42° 
N    O=C H-bond angle  128°  156° 
Rotation (per residue)  111°  99° 
Axial translation (per residue)  1.94Å  1.56Å 
Residues per turn  3.24  3.63 
Pitch  6.29Å  5.67Å 
 
In addition and as opposed to simple alkanethiols for which the increase in 
the number of methylene groups increases the flexibility of ligands, the key motif 
of Aib peptides is the increase of the peptide stiffness with the number of residues 
and thus of hydrogen bonds. This feature and the unique rigidity of short Aib 
homopeptides  are  being  successfully  exploited  as  spacers  or  templates  in 
electrochemical  and  spectroscopic  investigations,  also  because  of  the  excellent 
electronic communication provided by the peculiar backbone stiffness. Since 2D 
(and 3D SAM, such as in monolayer protected clusters (MPCs)) formation already 33 
 
causes the conformational freedom of alkanethiols to decrease dramatically, Aib 
peptides are expected to behave as even more rigid adsorbates. 
The  310-helix  helical  structure  is  stable  both  in  the  solid  state  and  in 
solution.
78,80,82  It  is  also  kept  unaltered  when  thiolated  Aib  peptides  are  self-
assembled  on  1-2  nm  gold  nanoclusters.
83  With  nanoparticles,  compelling 
evidence  showed  that  these  peptides  also  form  interchain  hydrogen  bonds, 
resulting  in  the  formation  of  strong  molecular  networks.  Insights  into  this 
experimental  observation  were  obtained  by  a  multilevel  molecular  modeling 
study.
84 A previous analysis of the amide I and amide II regions of IRRAS spectra 
of thiolated Aib hexapeptide SAMs on extended gold surfaces also pointed to the 
presence of helices.
85  
The Maran group has previously studied ET reactions across Aib homo-
oligopeptides using donor-peptide-acceptor systems in solution.
86 Evidence was 
obtained for a mild distance dependence of the ET rate and even an increase of the 
rate at a certain peptide length. This outcome was rationalized by considering that 
while addition of a new a-amino acid unit increases the donor-acceptor distance, 
it  also  introduces  new  intramolecular  hydrogen  bonds  that  act  as  efficient  ET 
shortcuts, thereby counteracting the usually observed exponential drop of the ET 
rate  with  distance.  Theoretical  studies  supported  the  general  features  of  this 
experimental finding.
87 These results suggested us that Aib peptides may indeed 
furnish  ideal  molecular  bridges  for  making  robust  SAMs  (molecular  rigidity, 
interchain  network)  for  electrochemical  biosensoring  and  other 
nanobiotechnological applications. Based on the outcome of the solution studies, 
efficient  electron  conduction  through  Aib-peptide  SAMs  was  conceivably 
expected, with useful consequences for detection of analytes through observation 
of  high  redox  currents  when  the  SAM  is  the  central  part  of  a  transducing 
electrochemical platform. Very recently some thiolated Aib-peptides on mercury 
electrodes and found that tight SAMs form.
88 Although the main target of that 
study was to estimate the surface dipole potential of the Aib-peptide SAMs, it was 
also observed that the kinetics of the voltammetric reduction of Eu(III) was not 
severely slowed by the presence of the peptide film: this also concurred to suggest 
that  Aib  chains  may  mediate  electron  tunneling  very  efficiently.  For  peptides 
thiolated on the nitrogen terminus, where the negative pole of the peptide dipole is  
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located,  it  was  observed  that  the  negatively  polarized  electrode  produces  an 
interfacial  electric  field  liable  of  orienting  the  peptide  dipole  even  against  its 
“natural” dipole moment.  
Very recently, a study coupled to this Thesis work specifically addressed 
the issue of determining the ET rate-constant falloff with distance using a series of 
Aib-peptide SAMs on gold surfaces.
89 The peptides were devised to give raise 
from zero to five C=O···H-N intramolecular hydrogen bonds. The peptides were 
thiolated on the positive end of the molecular dipole. The standard heterogeneous 
ET rate constants for the chemically-reversible reduction of a soluble redox probe, 
Ru(NH3)6Cl3, were determined by CV in 0.5  M KCl aqueous solution.  It was 
shown that once experimental procedures and surface packing are controlled it is 
indeed possible to carry out accurate studies of the distance dependence of ET 
through  SAMs  even  when  using  soluble  redox  probes.  Figure  10  shows  the 
distance dependence of the ET rate. The values show that the ET rate constant 
initially decreases as the peptide length increases but then displays a remarkably 
shallow dependence for sufficiently long peptides, the exponential-decay factor 
(from 3+ to 5+) being of only 0.08 Å
-1. These results show that Aib peptides are 
indeed very good mediators of electron tunneling and thus emerge as remarkably 
good candidates to make SAMs for electrochemical biosensors. 
 
Figure 10. Calculated values of k° against the number of hydrogen bonds. 
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1.4.1 Characteristics of the Investigated Aib-
Homopeptides 
 
Two series of peptides were synthesized, differing in the direction of the 
dipole moment: a plus series with the positive pole of the dipole moment oriented 
toward sulfur and a minus series where the dipole moment is reversed. The name 
of each peptide is given as composed by a number, which refers to the number of 
intramolecular  hydrogen  bonds,  and  a  plus  or minus  sign,  which  refers  to  the 
orientation of the dipole moment.  
Figure 11 shows the primary and secondary structure of peptide 5+. This 
peptide is used in the following discussion to explain the general design of our 
systems. The head of our system is represented by the –SH. This group allows the 
peptide to be attached to the gold surface. Between sulfur and the α-amino acid 
chain  there  is  a  -CH2-CH2-  spacer  meant  to  facilitate  the  coordination  to  the 
surface, which otherwise would be hindered by the strong steric hindrance of the 
310-helix. On the other terminus, there is a t-butyl group. Figures 11a and 11b help 
to understand better the orientation of the dipole. The helicity of the system infers 
a particular orientation to the Aib residues, orienting all C=O groups toward the C 
terminus and all N-H groups toward sulfur. Accordingly, the dipole moment (in 
the plus series) has the plus pole by the thiol group. Table 2 shows the primary 
structures for all the peptides belonging to the plus series. 
For the minus series three peptides were synthesized (1-, 3- and 5-), to 
investigate the effect of reversing the dipole moment and to compare the results 
with  the  plus  series,  which  is  our  reference  series.  In  the  minus  series  the 
characteristics of the design are the same, but while the SH group is now attached 
to the C terminus that now becomes the head of the peptide, the t-butyl group is 
on the other terminus that becomes the tail. Figure 12 shows the primary (a) and 
secondary structure (b) of 5-. From the 3D structure we can notice that the C=O 
groups are now oriented toward SH, while the NH groups are oriented toward the 
tail of the peptide. Consequently, the negative pole of the dipole moment is by the 
thiol group. Table 3 shows the primary structures for all the peptides belonging to 
the minus series.  
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Figure  11.  a)  Primary  structure  of  the  peptide.  b)  Secondary  structure  of  the 
peptide. 
 
Table 2: Primary structure of the investigated peptides for the plus series. 
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Figure  12.  a)  Primary  structure  of  the  peptide.  b)  Secondary  structure  of  the 
peptide. 
 
Table 3: Primary structure of the investigated peptides for the minus series. 
Minus Series 
Primary structure  Name 
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1.5 Purposes of the Thesis 
 
This Thesis concerns the development of a very efficient immunosensor 
electrochemical device for detecting cancer biomarker proteins, and possible ways 
to improve its efficiency by modifying parts of the system that are relevant to 
improve stability and ET through the modified electrode surface.      
For  the  part  concerning  the  study  of  the  ultrasensitive  electrochemical 
immunosensor (Figure 13) for early cancer biomarkers detection, I worked with 
the  research  group  of  Prof.  James  F.  Rusling  (Department  of  Chemistry, 
University of Connecticut, Storrs, CT, USA). The research associated with the 
study of the stability and structure of Aib-peptide self-assembled monolayers to 
be used for improving the sensor performance was carried out in the group of 
Prof. Flavio Maran. The two topics are related because these peptides will be used 
to anchor the antibody  onto AuNPs. This, however, is an aspect that for time 
limitations could not be covered during my Thesis work. Details on the Thesis 
scope and structure are as follows.         
We focused our attention on Nanog detection. Nanog is a protein that may 
be involved in carcinogenesis of cervix and progression of cervical carcinoma. 
Nowadays, the researchers still do not know the detection limit of this biomarker 
and the difference of concentration between healthy individuals and patients with 
cancer.  Therefore,  we  aimed  at  making  an  electrochemical  sensor  capable  of 
displaying very high-sensitivity immunoarrays and low detection limit. Sensors 
were  prepared  and,  particularly,  several  conditions  to  make  Nanog-based 
electrodes were essayed. Eventually, we could optimize the conditions and obtain 
a nice calibration plot (Amperometric current versus Nanog concentration). Most 
of the initial work was carried out using the sample handling technology, but then 
we integrated the system into a microfluidic device, the goal being to automate the 
method as much as possible.  
To  improve  the  efficiency,  we  are  about  to  further  optimize  the 
immunosensor by changing some elements of the transducer, particularly by using 
a SAM formed by peptides allowing very fast ET (see below) and by increasing  
the  active  superficial  area  thanks  to  nanostructured  gold  electrodes
alternative to a bed of 
 
Figure 13. AuNP immunosensor with Ab
from  a  sample  after  treating  with  Ab
enzyme labels for each Nanog. The detection step involves immersing the sensor 
into buffer containing mediator, applying voltage, and injecting H
 
We carried out an investigation of related issues by using SAMs formed 
with thiolated Aib peptides of different lengths. The effect of the orientation of the 
peptide dipole moment was studied by a
nitrogen or carbon terminus. The stability and conformational properties of such 
SAMs were assessed by 
the IR absorption spectroscopy of the free peptides
these SAMs Aib peptides form 3
bonds,  and  pack  tightly,  the  surface  coverage  depending  on  both  the  peptide 
length  and  orientation.  We  also  found  that  short  peptides  may  undergo  helix 
disruption,  with  formation  of  structures  where  the  n  umber  of  inter
interactions  increases.  The  results  nicely  support
concerning the chemical and electrochemical stability of these SAMs as well as 
the efficiency of ET through t
know which peptides should provide the best transducer substrate supporting the 
actual Nanog-sensor architecture.  
the  active  superficial  area  thanks  to  nanostructured  gold  electrodes
to a bed of AuNPs. 
AuNP immunosensor with Ab1 attached that has captured an antigen 
from  a  sample  after  treating  with  Ab2-magnetic-bead-HRP  providing  multiple 
enzyme labels for each Nanog. The detection step involves immersing the sensor 
containing mediator, applying voltage, and injecting H
We carried out an investigation of related issues by using SAMs formed 
with thiolated Aib peptides of different lengths. The effect of the orientation of the 
peptide dipole moment was studied by attaching the thiolated moiety to either the 
nitrogen or carbon terminus. The stability and conformational properties of such 
SAMs were assessed by an extensive IRRAS investigation, in comparison with 
the IR absorption spectroscopy of the free peptides. This study showed that in 
these SAMs Aib peptides form 310-helices, form interchain C=O··
bonds,  and  pack  tightly,  the  surface  coverage  depending  on  both  the  peptide 
length  and  orientation.  We  also  found  that  short  peptides  may  undergo  helix 
disruption,  with  formation  of  structures  where  the  n  umber  of  inter
interactions  increases.  The  results  nicely  supported  what  recently  found 
chemical and electrochemical stability of these SAMs as well as 
the efficiency of ET through them. Main outcome of this study is that we now 
know which peptides should provide the best transducer substrate supporting the 
sensor architecture.   
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2.  Experimental 
 
2.1 Chemicals 
 
Immunosensor.  Polydiallyldimethylammonium  chloride  (PDDA),  L-
gluthathione  reduced  (99%),  gold  (III)  chloride  trihydrate  (99.9%),  2,2’-azino-
bis(3-ehtylbenzthiazoline-6-sulfonic  acid),  horseradish  peroxidase  (HRP,  MW 
44000),  1-ethyl-3-(3-dimethylaminopropyl)  carbodiimide  (EDC),  N-
hydroxysulfosuccinimide  ester  (NHSS)  and  Lyophilized  99%  bovine  serum 
albumin  (BSA),  and  Ru(NH3)6Cl3  (98%)  were  purchased  from  Sigma-Aldrich. 
The primary antibody (Ab1), the secondary antibody (Biotin-Ab2), and the Nanog 
antigen were obtained from Dr. Dharamainder Chaudary UCONN Health Center 
(Farmington, CT). Immunoreagents were dissolved in a pH 7.0 phosphate saline 
(PBS)  buffer  (0.01  M  in  phosphate,  0.14M  NaCl,  2.7mM  KCl).  Carboxyl 
functionalized  magnetic  beads  were  obtain  from  Polysciences,  Inc.  The 
poly(dimethoxy)silane (PDMS) kit was from Dow Corning. Hydroquinone (HQ) 
and hydrogen peroxidase (H2O2, 30%) were from Fisher. Water was deionized. 
SAMs.  Ethanol  (HPLC  grade,  ≥99.8%),  hydrogen  peroxide  30%,  and 
sodium  hydroxide  monohydrate  (≥99.9995%)  were  purchased  from  Fluka. 
Sulfuric acid 98% (Aristar Grade) was purchased from BDH. Low conductivity 
water was Water pro analysis obtained from Merck.  
 
2.2 Preparation of HRP single electrodes 
 
The steps to fabricate the immunosensor platform on a single electrode are: 
1.  Absorption  of  a  layer  of  cationic  polydiallyldimethylammonium 
(PDDA) from aqueous solution onto a pyrolytic graphite (PG) disk electrode. We 
used a 20  L solution of PDDA, for 25 min.  
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2. The electrode was washed with H2O and the water removed by shaking 
the electrodes. 
3. 20  L of a diluted (1:5) solution of 2 mg/mL glutathione-decorated gold 
nanoparticles  [GSH-AuNP]  in  HPES  buffer  (pH  =  8),  were  poured  onto  the 
PDDA-modified  electrode,  utilizing  the  standard  layer-by-layer  alternate 
electrostatic  adsorption  approach
90  to  form  a  dense  layer  with  organic 
functionality for capture antibody attachment. Incubation required 25 min. 
 
4. The sensor was washed with H2O. 
5. To activate the carboxylic acid groups of the gold platform, an aqueous 
solution of 400 mM EDC [1-ethyl-3-(3-dimethylaminopropyl) carbodiimide] and 
100 mM NHSS [N-hydroxysulfosuccinimide ester] was prepared. The electrode 
was covered with 30  L of this solution. 
 
6. After 10 min, the excess reagent was removed by washing the electrode 
with H2O. 
7.  The  EDC-activated  particles  were  reacted  with  amine  groups  of  the 
primary antibody Ab1. It is known
5 that immobilization of Ab1 does not diminish 
its bioactivity. For this step, 20  L of a 25 mg/mL solution was drop casted on the 
sensor. The electrode, covered with a wet Vial, was then put in an oven at 37 °C 
for 2.5 h. 
 
8. To remove all not-binding elements, the electrode was washed for 3 min 
with PBS buffer with 0.05% Tween-20 surfactant, and then for 3 min with PBS 
buffer (0.01M pH=7.0). The electrode was shaken to remove excess water buffer.  
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9. The inhibition of nonspecific binding of labeled detection antibodies is 
crucial to achieve high sensitivity and low detection limits. To optimize this step, 
the  surface  was  treated  with  20   L  of  a  0.2%  BSA  solution  [Bovine  Serum 
Albumin] in PBS. The electrode was then put in an oven at 37 °C for 45 min. 
 
10. Step 8 was repeated. 
11.  10   L  of  the  given  test  solution  of  Nanog  Antigen  (NA)  were 
incubated onto the surface. We used various concentrations; for example, if the 
procedure involved activation of 9 electrodes, three were used for the control (0 
pg/mL NA), three for the first concentration (e.g., 25 pg/mL NA), and three for a 
higher concentration (e.g., 50 pg/mL NA). The electrodes were put in an oven at 
37 °C for 1 h. 
 
12. Step 8 was repeated.  
13. The sensors with bound Nanog were then incubated using 10  L of a 
1 g/mL solution of the secondary antibody Biotin-Ab2. The electrodes were put in 
an oven at 37 °C for 45 min. 
 
14. Step 8 was repeated.  
 43 
 
15. The final incubation step consisted in labeling Ab2 with 10  L of a 
5 g/mL solution of Srt-HRP (horseradish peroxidase enzyme, functionalized with 
Streptavidin). The electrodes were put in an oven at 37 °C for 30 min. 
 
 
16. The electrodes were washed for 3 min with PBS-T20 buffer, and then 
for 3 min with PBS buffer (0.01M pH = 7.0). The electrodes were covered with 
wet Vials and put in a refrigerator. 
 
To  amplify  sensitivity  and  improve  the  detection  limit,  a  different 
procedure was also applied, starting from step 13.  
13’. In a separated eppendorf we prepared 100 mL of a solution composed 
by 0.2 % BSA PBS buffer (pH = 7.0) solutions: 50 mL of 5 mg/mL solution of 
multiple HRP labels; 30 mL of 2.5 mg/mL solution of magnetic beads (FeO2, with 
a diameter of ∼ 1  ); 20 mL of 2500 mg/mL solution of Ab2. 10 mL of a dilute 
solution of this mixture was used for incubating the electrodes. 
14’ The electrodes were washed for 3 min with PBS-T20 buffer, and then 
for 3 min with PBS buffer (0.01M pH = 7.0). The electrodes were covered with 
wet Vials and put in a refrigerator. 
.  
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2.3 Fabrication of the Microfluidic D
and Preparation of Eight
 
To prepare the microfluidic channel
base and curing agent were mixed in 10:1 ratio, stirred vigorously for 5 min, and 
then degassed for 30 min under dynamic vacuum to remove all air bubbles. The 
clear solution was poured onto a negative mold and heated at 85°C
After  cooling,  the  linear
placed between two flat and machined poly(methylmethacrylate) (PMMA) plates 
to provide a microfluidic channel (Figure 14).
a) 
 
b)   
Figure  14.  a)  Photographs  of  the  PMMA  device  and 
photograph of the entire microfluidic device; c) photograph of the molds for the 
PDMS channel. 
The channel is ~1 mm wide
volume. The top PMMA plate was mac
equipped  with  female  ports  (4
Fabrication of the Microfluidic Device 
Preparation of Eight-Electrode 
To prepare the microfluidic channel, the PDMS kit was used: 
base and curing agent were mixed in 10:1 ratio, stirred vigorously for 5 min, and 
then degassed for 30 min under dynamic vacuum to remove all air bubbles. The 
clear solution was poured onto a negative mold and heated at 85°C for 2.5
,  the  linear-shape  PDMS  was  pealed  off  the  mold,  then 
placed between two flat and machined poly(methylmethacrylate) (PMMA) plates 
to provide a microfluidic channel (Figure 14).
14  
            c)    
 
a)  Photographs  of  the  PMMA  device  and  the  PDMS  channel;  b) 
photograph of the entire microfluidic device; c) photograph of the molds for the 
 
The channel is ~1 mm wide, ~2 mm thick, 27 mm long and carries ~54
volume. The top PMMA plate was machined with one inlets and one outle
equipped  with  female  ports  (4  mm  diameter)  for  screwing  in  standard  plastic 
evice 
 Array 
the PDMS 
base and curing agent were mixed in 10:1 ratio, stirred vigorously for 5 min, and 
then degassed for 30 min under dynamic vacuum to remove all air bubbles. The 
for 2.5 h.
14 
shape  PDMS  was  pealed  off  the  mold,  then 
placed between two flat and machined poly(methylmethacrylate) (PMMA) plates 
 
 
the  PDMS  channel;  b) 
photograph of the entire microfluidic device; c) photograph of the molds for the 
hick, 27 mm long and carries ~54 mL 
hined with one inlets and one outlet and 
mm  diameter)  for  screwing  in  standard  plastic  
fittings (1.5 mm i.d., Upchurch) to hold connecting 0.2
Sample were injected by a syringe pump (Harvard, no.
inlet via an injector valve (Rheodyne, no.
15).  The  top  PMMA  substrate  is  equipped  with  four  holes  (0.5  and  0.2
diameter) directly above the microfluidic channel; two for inserting Ag/AgCl wire 
used as a reference and two for inserting Pt wire as counter electrode. 
Figure 15
 
For  the  eight-electrode  array  system  (
manufactured by Kanichi Research Ltd, Mancester, UK), we essentially followed 
the same functionalization procedure used for the single rotati
(section 2.2). The difference was that while the PDDA, 
put  manually,  the  BSA  0.2%,  the  Nanog
injected by using the syringe pump. For this purpose
pump was filled up with the PBS buffer and the flow 
~50 s after injection of the BSA solution with the injection valve, the fluid 
could reach the channel and cover completely all electrodes. 
was blocked to permit th
bubble, otherwise the sensor is compromised. 
and Ab2-MP-HRP. After every incubation, the sensor was washed with PBS and 
PBS-T20.  
mm i.d., Upchurch) to hold connecting 0.2 mm i.d. tubing (PEEK). 
Sample were injected by a syringe pump (Harvard, no. 55-3333) connected to one 
ector valve (Rheodyne, no. 9725i) via 0.2 mm i.d. tubing (Figure 
).  The  top  PMMA  substrate  is  equipped  with  four  holes  (0.5  and  0.2
diameter) directly above the microfluidic channel; two for inserting Ag/AgCl wire 
used as a reference and two for inserting Pt wire as counter electrode. 
Figure 15. Photograph of the entire microfluidic system.
electrode  array  system  (arrays  of  eight  graphite  electrodes  were 
by Kanichi Research Ltd, Mancester, UK), we essentially followed 
the same functionalization procedure used for the single rotating disk electrode 
). The difference was that while the PDDA, the AuNPs and Ab
the  BSA  0.2%,  the  Nanog  and  the  Ab2-MP-HRP
injected by using the syringe pump. For this purpose, the syringe of the Harvard 
pump was filled up with the PBS buffer and the flow rate set to 50 
s after injection of the BSA solution with the injection valve, the fluid 
could reach the channel and cover completely all electrodes. At this point the flow
was blocked to permit the incubation. For this step is very important
ise the sensor is compromised. The procedure was 
HRP. After every incubation, the sensor was washed with PBS and 
45 
mm i.d. tubing (PEEK). 
3333) connected to one 
i.d. tubing (Figure 
).  The  top  PMMA  substrate  is  equipped  with  four  holes  (0.5  and  0.2  mm 
diameter) directly above the microfluidic channel; two for inserting Ag/AgCl wire 
used as a reference and two for inserting Pt wire as counter electrode. 
14 
 
Photograph of the entire microfluidic system. 
arrays  of  eight  graphite  electrodes  were 
by Kanichi Research Ltd, Mancester, UK), we essentially followed 
ng disk electrode 
the AuNPs and Ab1 were 
HRP  mixture  were 
the syringe of the Harvard 
50 mL/min.  
s after injection of the BSA solution with the injection valve, the fluid 
At this point the flow 
important to avoid any 
 repeated for NA 
HRP. After every incubation, the sensor was washed with PBS and  
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2.4 Gold Preparation and SAM formation  
 
Formation of reproducible and well-packed Aib-based peptide SAMs is 
very  sensitive  to  the  cleaning  –  activation  procedure.  After  trying  different 
procedures, SAM formation was optimized by careful application of the following 
protocol leading to very reproducible results. For all experiments we used 11 x 11 
mm  Arrandee
TM  gold  plates,  which  consist  of  a  borosilicate  glass  substrate 
(thickness  0.7 ± 0.1 mm), a thin chromium interlayer (2.5 ± 1.5 nm), and a gold 
layer (250 ± 50 nm). We used a new Au plate for each experiment. 
The plates were first immersed in ethanol for 5 min, dried in vacuum for 
30 min, immersed for 5 min in a freshly prepared but already cold piraña solution 
(3:1 v/v solution of concentrated sulfuric acid and hydrogen peroxide. Extreme 
caution  must  be  exercised  when  using  piraña  solution,  as  it  is  a  very  strong 
oxidant and reacts violently with organic matter), and then carefully washed with 
a stream of water (deionized and then distilled from potassium permanganate). 
After washing, the plates were immersed in water for 5 min, and the procedure 
repeated three times. The plates were then dipped into ethanol for 5 min and dried 
in  a  desiccator  under  vacuum  for  30  min.  Annealing  was  carried  out  using  a 
butane torch for soldering electronics, in a slightly darkened room. The flame was 
set  for  conical  blue  (reducing  flame)  and  first  allowed  to  touch  obliquely  the 
borders of the gold surface, and then moved steadily inward in a square fashion: 
annealing eventually caused appearance of a dark red glow on the gold surface. 
After waiting a few seconds to allow the surface to cool down, the same sequence 
step was repeated for an overall 3 min. The plates were left to cool down for 30 
min, under a protecting glass cap. The annealing/cooling procedure was repeated 
three times. The plates were then immersed in water, ethanol, and finally either 
immersed into the peptide-containing ethanol solution or dried under vacuum.  
Some experiments were specifically carried out to analyze the condition of 
the gold surface. Thus, after annealing and washing, the plates were dried in a 
desiccator  under  argon  for  1  h  and  then  either  studied  by  scanning  tunneling 
microscopy (STM: PicoSPM, Molecular Imaging) or cyclic voltammetry (CV). 
STM  analysis  of  the  so-prepared  plates  were  carried  out  at  room  temperature 47 
 
under ambient conditions using Pt/Ir (80:20, 0.25 mm diameter, Veeco) tips. The 
images were recorded in constant current mode and the typical conditions for the 
imaging  of  Au(111)  terraces  were  VT=  200  mV,  iT=  100  pA.  This  technique 
revealed that the Au surface displayed a preferred (111) orientation with terraces 
as large as ~100 nm that were atomically flat and separated by monoatomic steps 
(0.24nm). To further test the outcome of the annealing procedure, we carried out 
CV experiments in 0.5 M H2SO4 and potential cycling was performed to include 
both  the  double-layer  and  the  oxide  regions  of  gold.  The  CV  curves  largely 
showed the pattern expected for the underpotential deposition of oxygen onto a 
clean  Au  electrode,  mostly  Au(111),  in  a  contaminant-free  solution,
91  thereby 
confirming both the quality and dominant orientation of the annealed surface.  
We also calculated the roughness factor of the so-obtained Au plates. The 
roughness  factor  is  the  ratio  between  the  electrochemical  and  the  geometrical 
areas. For these electrochemical experiments, the Au plates were clamped to a 
small gold alligator and most of the electrode surface was wrapped with a very 
thin  Teflon  tape.  The  geometrical  areas  were  calculated  by  integration,  using 
pictures of the exposed electrode surface in comparison with area standards. The 
determination of the electrochemical area was carried out on the (naked) Au plates 
obtained after full reductive desorption of the peptide SAM.
89   
CV  experiments  were  run  at  0.1  –  1  V  s
-1  in  0.5  M  KCl  containing 
Ru(NH3)6Cl3,  whose  diffusion  coefficient  is  6.84  ±  0.06  ´  10
-6  cm
2  s
-1.
89  The 
electrochemical (= active) area could be calculated from the peak current values, 
using the equation valid for a reversible ET.
92 The average roughness factor was 
found to be 1.16 ± 0.08.  
After  annealing  and  washing,  the  freshly  prepared  gold  plates  were 
immersed for 48 h in a 0.5 mM ethanol solution of the peptide of choice. To 
carefully  remove  any  trace  of  the  incubation  solution  and  loose  molecules 
adsorbed on the monolayer, the gold plates were washed with a stream of ethanol 
and then immersed in ethanol for 5 min; these washing steps were repeated three 
times.  The  plates  were  finally  dried  under  vacuum  for  30  min.  The 
cleaning/activation/incubation procedure was applied just before carrying out the 
IRRAS measurements.  
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2.5 Instrumentation and procedures 
 
2.5.1 Electrochemistry 
 
Rotating-Disk  Electrode  Approach.  A  CHI  660  electrochemical 
workstation  was  used  for  cyclic  voltammetry  and  amperometry  at  ambient 
temperature (22 ± 2°C) in a three-electrode cell. Amperometry was carried out at -
0.3 V against the standard saturated calomel electrode (SCE), using a pyrolytic 
graphite (PG) working electrode (rotated at 3000 rpm for optimum sensitivity), 
and a platinum wire counter-electrode. 
Microfluidic Setup. The experiments were performed using a CHI 1010A 
eight-channel  potentiostat  allowing  to  simultaneously  measuring  the  current 
flowing at the eight electrodes inserted in the microfluidic channel. Amperometry 
was  carried  out  at  -0.2  V  vs  the  Ag/AgCl  reference  electrode,  and  using  a 
platinum wire as the counter-electrode. For cyclic voltammetry experiments, the 
flow rate was set a zero, while for the amperometric detection the flow rate was 
100 mL/min using 100 mL injector sample loop. Buffer and hydrogen peroxide 
solutions were deoxygenized with nitrogen. 
 
2.5.2 IRRAS 
 
FT-IR reflection absorption spectroscopy measurements were carried out 
using a Nicolet Nexus Fourier Transform Infrared Spectrometer equipped with a 
liquid  nitrogen  cooled  mercury-cadmium-tellurium  (MCT)  detector.  The 
measurements were carried out with the grazing angle set at 80°, with a resolution 
of 2 cm
-1, and each spectrum was the result of an average of 1000 scans. The 
optical path was purged with nitrogen before and during the measurements. To 
keep the measuring chamber constantly under an inert atmosphere, we set up a 
little dry-box containing the entire optical path. The sample and the blank (an 
otherwise identical Arrandee gold plate, but with no SAM) were inserted in the 
dry-box. Before measurements, the system was purged for 1 h with nitrogen dried 
by flowing through a column filled with CaCl2 and silica gel. 49 
 
3.  Results and Discussion 
 
3.1 Electrochemical Immunosensors  
 
Electrochemical detection combined with nanoparticle amplification offers 
potentially  low-cost,  high-through  put  solutions  for  detection  of  clinically 
significant proteins that have yet to be fully realized. Amperometric sensors, field 
effect  transistors,  and  impedance  methods  are  among  the  approaches  being 
explored. The sensitivity of an electrochemical sensors can be improved by using 
nanostructured  electrodes,  such  as  those  based  on  carbon  nanotubes  or  gold 
nanoparticles.  In  the  electrochemical  detection  of  proteins  on  these  specific 
electrode surfaces by immunoassay protocols, appropriate functional groups on 
the  nanoparticle  facilitate  high  concentrations  of  chemically  linked  capture 
antibodies. In this approach, antibodies on the electrode capture analyte proteins 
from the sample, the surface is then be treated with an enzyme-labeled secondary 
antibody, and the enzyme label is detected electrochemically. 
 
3.1.1 Characterization of AuNP platform 
 
Glutathione-protected gold nanoparticles (GHS-AuNP) were prepared by a 
reported method
9 and characterized by Transmission Electron Microscopy (TEM), 
UV-Vis and Infrared Spectroscopy. 
The glutathione protected gold nanoparticle dispersion was analyzed for 
core dimensions and size distribution by TEM. Figure 16a shows that all particles 
are spherical and are well separated from each other. The size histogram obtained 
from analysis of the TEM images revealed that the average diameter of GHS-
AuNP was 5.1 ± 1.4 nm, a relatively narrow size distribution.  
Particle size was confirmed by visible absorption spectroscopy band for 
the GHS-AuNP dispersion at 508 nm indicating diameter ~ 5 nm (Figure 16c).  
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This  absorption  peak  corresponds  to  gold  plasmon  band,  confirming  that  the 
solution contained isolated nanometric sized gold particles.  
The presence of glutathione on the AuNPs was confirmed by observation 
of characteristic carbonyl and amide bands at 1538, 1628, and 1713 cm
-1 by IR 
Spectroscopy (Figure 16c).  
 
 
Figure 16. Characterization of glutathione protected gold nanoparticles: a) TEM 
image  of  GHS-AuNPs;  b)  corresponding  size  distribution  histogram  of  GHS-
AuNPs  showing  average  size  5.1  ±  1.4  nm;  c)  UV-Vis  absorption  spectra  of 
glutathione  protected  gold  nanoparticle  dispersion  in  HEPES  buffer;  d)  IR 
spectra of (1) pure glutathione and (2) glutathione protected gold nanoparticles. 
 
The  surface  was  also  characterized  by  tapping-mode  atomic  force 
microscopy (Figure 17). The initial thin layer of PDDA (0.5 ± 0.2 nm) adsorbed 
was relatively smooth with mean surface roughness of  0.13 ± 0.08 nm, almost 
twice that of the bare mica. Figure 17 panels b, c shows an AFM image that 
changed topography after AuNPs were absorbed onto the PDDA layer. The AFM  
data suggest that there is a densely packed nanoparticulate layer, whi
associated with the A
is achieved with a mean surface roughness
the surface valleys and peaks,
increase in surface area with respect to
image  obtained  after  the  capture  antibody  was  covalently  linked  onto  the 
carboxylated of the AuNP layer using EDC/NHSS chemistry. The densely packed 
AuNP layer disappeared and a ro
of any globular protein coated on a
 
Figure 17. Tapping-mode atomic force microscope images of (a) layer of PDDA 
on smooth mica surface; (b) PDDA/AuNP bilayer; (c) phase 
PDDA/AuNP  bilayer;  (d)  AuNP  platform  after  covalent  linkage  of  primary 
antibodies (Ab1) onto the glutathione carboxylate groups of AuNP.
 
data suggest that there is a densely packed nanoparticulate layer, whi
d with the AuNPs. A nearly complete coverage on the underlying surface 
mean surface roughness, as the arithmetic average deviation of 
the surface valleys and peaks, of 1.99 ± 0.11 nm, corresponding to 
ncrease in surface area with respect to bare mica. Figure 17 d shows an AFM 
after  the  capture  antibody  was  covalently  linked  onto  the 
carboxylated of the AuNP layer using EDC/NHSS chemistry. The densely packed 
AuNP layer disappeared and a rolling hill-like appearance, generally characteristic 
of any globular protein coated on a rough surface, was observed.
9 
 
mode atomic force microscope images of (a) layer of PDDA 
on smooth mica surface; (b) PDDA/AuNP bilayer; (c) phase contrast image of 
PDDA/AuNP  bilayer;  (d)  AuNP  platform  after  covalent  linkage  of  primary 
) onto the glutathione carboxylate groups of AuNP.
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data suggest that there is a densely packed nanoparticulate layer, which can be 
nearly complete coverage on the underlying surface 
the arithmetic average deviation of 
corresponding to about a 24-fold 
Figure 17 d shows an AFM 
after  the  capture  antibody  was  covalently  linked  onto  the 
carboxylated of the AuNP layer using EDC/NHSS chemistry. The densely packed 
generally characteristic 
 
 
mode atomic force microscope images of (a) layer of PDDA 
contrast image of 
PDDA/AuNP  bilayer;  (d)  AuNP  platform  after  covalent  linkage  of  primary 
) onto the glutathione carboxylate groups of AuNP.  
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3.1.2 Electrochemistry of immunosensors 
 
The AuNP/Ab1/Ag/Ab2/MP/HRP electrode, assembled as described in the 
Experimental  Section,  was  transferred  in  an  electrochemical  cell  or  in  the 
microfluidic channel filled with of pH 7.0 buffer and 1mM hydroquinone (HQ). In 
both cases, the cyclic voltammetry (CV) was carried out in quiescent solution to 
confirm that the electrode was performing well: with the rotating-disk electrode 
the angular speed was set to zero and with the microfluidic channel the flow of the 
PBS buffer with the HQ was stopped. Usually, a well-defined, nearly reversible 
HQ reduction-oxidation peak pair vs Ag/AgCl (Figure 18, 19) was obtained, due 
to the oxidation (+0.35 V) and reduction (-0.15 V) of HQ. A possible increase of 
the peak current at negative potentials indicated that oxygen was still present in 
the cell, and thus the solution had to be further purged before carrying out the 
actual CV measurements. 
            2      2   
 
 
Figure 18. Typical cyclic voltammetry of 1 mM HQ in pH 7.0 phosphate buffer 
using  an  AuNP/Ab1/Ag/Ab2/MP/HRP  (steady:  see  text)  rotating-disk  electrode. 
Scan rate = 0.2 Vs
-1. 53 
 
 
 
Figure 19. Typical cyclic voltammetry of 1 mM HQ in pH 7.0 phosphate buffer 
using  an  AuNP/Ab1/Ag/Ab2/MP/HRP  eight-electrode  array  in  the  microfluidic 
channel. 
 
The  best  experimental  conditions  allowing  us  to  obtain  the  lowest 
detection limit of the biomarker Nanog were assessed with a single rotating-disk 
electrode approach (Figure 20). Afterwards, the method was automated by using 
microfluidics. 
Rotating-disk  electrodes  are  extensively  employed  in  electroanalytical 
research. Advantages of these electrodes over those having different shapes are 
the reproducibility of the results, the precise control of the rates at  which the 
electroactive substances are transported to the electrode (forced convection), and a 
practically  even  current  distribution  on  the  surface  during  the  course  of  the 
electrochemical reaction.
93 
The  movement  of  a  liquid  caused  by  a  disc  rotating  around  an  axis 
perpendicular to its plane has been described.
94,95 It is assumed that the volume of 
the solution in which the disk is present is infinite, the disk is large, and the liquid 
flow is laminar. Figure 20 shows the model of movement of the liquid. At large  
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distances from the disk, the liquid moves perpendicula
disk, in the thin layer adhering to the surface of the electrode, the liquid also g
a centrifugal velocity. At very short distances, a layer of quiescent solution is 
present, whose thickness does not change in time. In this
effects the electroactive species only by diffusion.
 
Figure 20. Flow profile that is developed when a circular object is rotated in 
solution and how this brings fresh reactant to the surface
 
Providing the rotation speed is 
maintained, the mass transport equation is given by:
 
where the x dimension is the distance normal to the electrode surface. The mass 
transport equation is determined by both diffusion (first term of the right
side member) and forced convection (second term), and both these terms effect 
the  concentration  of  the  rea
sufficiently  negative  (positive)  to  make  the  red
controlled solely by mass transport, a limiting current (constant in time) arises. 
The  full  and  correct  equation
rotating disk electrode, was 
 
distances from the disk, the liquid moves perpendicularly to the surface. Near the 
disk, in the thin layer adhering to the surface of the electrode, the liquid also g
At very short distances, a layer of quiescent solution is 
present, whose thickness does not change in time. In this layer, mass transport 
effects the electroactive species only by diffusion.
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Flow profile that is developed when a circular object is rotated in 
solution and how this brings fresh reactant to the surface. 
Providing the rotation speed is kept within the limits that laminar flow is 
transport equation is given by: 
 
 
dimension is the distance normal to the electrode surface. The mass 
transport equation is determined by both diffusion (first term of the right
side member) and forced convection (second term), and both these terms effect 
the  concentration  of  the  reagent  close  to  the  electrode  surface.  At  a  potential 
sufficiently  negative  (positive)  to  make  the  reduction  (oxidation)  process
controlled solely by mass transport, a limiting current (constant in time) arises. 
The  full  and  correct  equation,  describing  the  limiting  current  in  the  case  of 
was obtained by Levich
96,97: 
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where il is the limiting current, n is the number of electron transferred, F is the 
Faraday constant, A is the electrode area, D is the diffusion coefficient, w is the 
angular velocity of the rotating disk electrode, c
0 is the bulk concentration, and  n 
is the kinematic viscosity of the solution. 
 
3.1.3 Analysis of the Immunosensors’ Performance 
 
In  our  sensor  assembly,  the  working  electrode  was  placed  into  an 
electrochemical cell containing 10 mL of a 1 mM HQ PBS buffer solution, which 
was purged with purified Nitrogen for at least 1 h before the measurements. We 
used a normal electrochemical cell with 5 holes: one for the working rotating-disk 
electrode, one for the reference electrode (SCE), one for the counter-electrode 
(Pt), one for the inert gas, and one for the injection of hydrogen peroxide.  
 
Figure 21.  In the upper image, there are the electrodes during the incubation of 
Ab1. On the right, the rotating disk electrode system is represented entirely, and in 
the last image there is a zoom of the electrochemical 5 holes cell that we used for 
the measurements.   
 
56 
 
For the sake of better reproducibility, we used 9 electrodes at the same 
time: 3 for the control, 3 for one specific concentration of antigen (for example 
25 pg/mL)  and  3  for  another  concentration  (for  example  50  pg/mL).  The 
electrochemical measurements were carried out using a solution of 1mM of HQ. 
The latter is used as the ET mediator to ward hydrogen peroxide reduction, which 
is added successfully at 0.4 mM concentration. For the catalytic measurements, 
we applied a potential of -0.3 V vs SCE and a rotation rate of 3000 rpm.  
Concerning the electrode reaction, it is useful making a few comments 
about  HRP  oxidation  by  H2O2.  The  horseradish  peroxidase  is  a  protein  that 
contains a single protoporphyrin IX heme group, and thus the addition of H2O2 
converts the iron heme peroxidase enzyme to a ferryloxy species (Figure 21). The 
latter can be electrochemically reduced by the electrode.  
 
 
 
 
 
 
 
 
 
Figure 22. Oxidation cycle of Horseradish peroxidase. 
 
The immunosensors have a complex sandwich structure. To optimize the 
experimental conditions and the value of the detection limit, we changed several 
parameters, one at a time, because every biomarker has a specific characteristic 
behavior. 
At the beginning, we had no information about this protein and thus we 
tried almost randomly different concentrations in order to find the best range to 
work. This is particularly important also because, beyond a specific concentration, 
saturation of the immunosensor occurs and the current does not change with a 
further increase of the concentration of the Nanog Antigen (NA). The various 
approaches were as described in the following. 57 
 
First approach: 
Ab1  25 mg/mL  in PBS buffer pH = 7.0 
BSA  0.1%  in PBS buffer pH = 7.0 
NA  Several concentrations  in PBS buffer pH = 7.0 
Biotin-Ab2  1 mg/mL  in PBS buffer pH = 7.0 
Streptavidin-HRP  5 mg/mL  (1:200)  in PBS buffer pH = 7.0 
 
As Figure 23 shows, with this method the sensitivity of our immunosensor 
is  really  poor  and  the  signal  is  not  proportional  to  the  concentration  of  the 
biomarker.  Thus,  we  decided  to  change  the  conditions  by  increasing  the 
concentration  of  Biotin-Ab2  from  1  mg/mL  to  5  mg/mL.  We  expected  an 
enhancement of the number of HRP attached to the surface thanks to a larger 
number of Ab2 molecules.  
 
Figure  23.  Amperometric  results  of  the  first  approach  (for  the  sake  of  better 
comparison the curves have been arbitrarily shifted). 
 
Second approach: 
Ab1  25 mg/mL  in PBS buffer pH = 7.0 
BSA  0.1%  in PBS buffer pH = 7.0 
NA  Several concentrations  in PBS buffer pH = 7.0 
Biotin-Ab2  5 mg/mL  in PBS buffer pH = 7.0 
Streptavidin-HRP  5 mg/mL  (1:200)  in PBS buffer pH = 7.0 
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In this approach, we tried a few concentrations but we did not detect any 
particular  increase  of  the  signals.  Thus,  we  decided  to  go  back  to  the 
concentration of Ab2 used in the first approach but changed the composition of the 
solution for both Biotin-Ab2 and Str-HRP.  
 
Third approach: 
Ab1  25 mg/mL  in PBS buffer pH = 7.0 
BSA  0.1%  in PBS buffer pH = 7.0 
NA  Several concentrations  in PBS buffer pH = 7.0 
Biotin-Ab2  1 mg/mL  in 2% BSA PBS T-20 
buffer pH=7.0 
Streptavidin-HRP  5 mg/mL  (1:200)  in 2% BSA PBS T-20 
buffer pH=7.0 
 
As Figure 24 shows, the response for the lowest concentrations was good 
and the detection limit was particularly low, being 10 pg/mL. On the other hand, 
beyond 50 pg/mL, the current did not increase proportionally to the concentration. 
We did not know if this was due to the saturation of the sensor or to the presence 
of BSA, which acts as a blocking agent not only for the AuNPs platform but also 
for Ab1. To address this issue, we repeated this approach while increasing the 
concentration of Ab2. 
 
Figure 24. Amperometric results of the third approach (for the sake of better 
comparison the curves have been arbitrarily shifted). 59 
 
Fourth approach: 
Ab1  25 mg/mL  in PBS buffer pH=7.0 
BSA  0.1%  in PBS buffer pH=7.0 
NA  Several concentrations  in PBS buffer pH=7.0 
Biotin-Ab2  5 mg/mL  in 2% BSA PBS T-20 
buffer pH=7.0 
Streptavidin-HRP  5 mg/mL  (1:200)  in 2% BSA PBS T-20 
buffer pH=7.0 
 
As Figure 25 shows, the presence of BSA did not allow observing any 
difference between the control (0 pg/mL) and the two concentrations employed 
(50 and 100 pg/mL). This confirmed that BSA completely blocked Ab1, thereby 
prohibiting its interactions with the Nanog biomarker.  
Therefore, we decided to change the composition of the solution for both 
Biotin-Ab2 and Str-HRP, using PBS T-20. 
 
Figure 25. Amperometric results of the fourth approach (for the sake of better 
comparison the curves have been arbitrarily shifted). 
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Fifth approach: 
Ab1  25 mg/mL  in PBS buffer pH=7.0 
BSA  0.1%  in PBS buffer pH=7.0 
NA  Several concentrations  in PBS buffer pH=7.0 
Biotin-Ab2  5 mg/mL  in PBS T-20 buffer 
pH=7.0 
Streptavidin-HRP  5 mg/mL  (1:200)  in PBS T-20 buffer 
pH=7.0 
 
As Figure 26 shows, this method seemed to work quite well, but after the 
first experiment we could not obtain a similarly low current control; in fact, it was 
usually very high, more than the detection limit. This was probably due to HRP 
also functionalizing the gold platform, not just Ab2.  
Therefore, to better protect the gold platform, we decided to increase the 
concentration of BSA during the second step of the procedure, and we prepared a 
Str-HRP solution in 0.2 % BSA PBS T-20 buffer pH=7.0.   
 
Figure  26.  Amperometric  results  of  the  fifth  approach  (for  the  sake  of  better 
comparison the curves have been arbitrarily shifted). 
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Sixth approach: 
Ab1  25 mg/mL  in PBS buffer pH=7.0 
BSA  2%  in PBS T-20 buffer 
pH=7.0 
NA  Several concentrations  in PBS buffer pH=7.0 
Biotin-Ab2  5 mg/mL  in PBS buffer pH=7.0 
Streptavidin-HRP  5 mg/mL  (1:200)  in 0.2 % BSA PBS T-20 
buffer pH=7.0 
 
As Figure 27 shows, however, in this approach the detection limit was 
particularly high, larger than 50 pg/mL. 
Since  after  testing  the  above  approaches  we  could  not  establish  any 
particular method allowing to provide sensitive and reproducible signals, with a 
low detection limit, we resorted to modify the preparation of the immunoassay by 
introducing magnetic particles. As a matter of fact, Rusling and coworkers nicely 
demonstrated that magnetic beads are very helpful to increase the sensitivity of 
similar biosensors.
9  
We also decreased the concentration of BSA in the second step, and we 
used 0.1% BSA PBS buffer (pH = 7.0) as the solution for BioAb2-MPs-StrHRP. 
 
 
Figure 27. Amperometric results of the sixth approach  (for the sake of better 
comparison the curves have been arbitrarily shifted). 
0
50
100
150
0 50 100 150
0pg BSA PBS T-20
50pg BSA PBS T-20
200pg BSA PBS T-20
t, s 
 
62 
 
Seventh approach: 
Ab1  25 mg/mL  in PBS buffer pH=7.0 
BSA  0.2%  in PBS T-20 buffer 
pH=7.0 
NA  Several concentrations  in PBS buffer pH=7.0 
BioAb2-MPs-StrHRP  5 mg/mL per 50mL 
2.5 mg/mL per 30mL 
2500 mg/mL per 20mL 
1:10 dilution 
in 0.1% BSA PBS buffer 
pH = 7.0 
 
To  amplify  the  sensitivity  and  improve  the  detection  limit,  we  thus 
attached multiple HRP labels to carboxylic group on magnetic bead surfaces. HRP 
and  Ab2  at  a  120/1  HRP/Ab2  molar  ratio  was  reached  with  the  carboxylated 
magnetic bead using the EDC amidization protocol. Carboxylic acid groups were 
first activated using EDC, excess reagent was removed by washing with water, 
and the activated particles were then reacted with amine groups on the proteins. 
Magnetic beads of diameter ~1 mm provided a very high number of labels on the 
surface. After the bioconjugation of HRP and Ab2, the free antibodies and HRP 
were  easily  separated  from  the  Ab2-magnetic-bead-HRP  by  using  a  magnet  to 
localize the beads at one side of an eppendorf and washing to remove unreacted 
protein.  The  amount  of  active  HRP  per  unit  weight  of  magnetic  beads  was 
determined by reacting the BioAb2-magnetic-bead-StrHRP dispersion with HRP 
substrate  2,2’-azino-bis-(3-ethylbenz-thiazoline-6-sulfonic  acid)  and  H2O2.  The 
total number of magnetic beads, of ~1mm diameter, was 4 x 10
9 in the dispersion, 
provided by Polyscience, and the number of active HRP per magnetic bead was 
estimated at 7500.
9  
As  Figure  28  shows,  the  sensitivity  improved  very  significantly  with 
respect to the conventional Ab2-HRP AuNPs immunosensor. The current values 
of  Figure  28  were  actually  even  too  high  because  we  wanted  to  analyze  a 
significant range of concentrations with no risk of experimental limits. Therefore, 
we diluted the initial mixture of BioAb2-MPs-StrHRP.   
Figure 29 shows a simple graph in which we compare the slope of the 
concentration  dependence  of  the  amperometric  intensities  as  obtained  with  a 
single  label  BioAb2-StrHRP  immunosensor  with  those  recorded  with  the  new 
immunoassay, based on magnetic particles and BioAb2-MPs-StrHRP. 63 
 
 
Figure 28. Amperometric results of the sixth approach  (for the sake of better 
comparison the curves have been arbitrarily shifted). 
 
Figure  29.  Calibration  curves  for  various  approaches,  in  the  two  different 
immunoarrays. 
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Eighth approach:  
Ab1  25 mg/mL  in PBS buffer pH=7.0 
BSA  0.2%  in PBS T-20 buffer 
pH=7.0 
NA  Several concentrations  in PBS buffer pH=7.0 
BioAb2-MPs-StrHRP  5 mg/mL per 50mL 
2.5 mg/mL per 30mL 
2500 mg/mL per 20mL 
1:20 dilution 
in 0.1% BSA PBS buffer 
pH = 7.0 
 
As Figure 30 shows, the intensities of signals were still high but less than 
before, while the slope was equal. Therefore, we diluted the mixture further. 
 
Figure 30. Amperometric results of the sixth approach  (for the sake of better 
comparison the curves have been arbitrarily shifted). 
 
Ninth approach:  
Ab1  25 mg/mL  in PBS buffer pH=7.0 
BSA  0.2%  in PBS T-20 buffer 
pH=7.0 
NA  Several concentrations  in PBS buffer pH=7.0 
BioAb2-MPs-StrHRP  5 mg/mL per 50mL 
2.5 mg/mL per 30mL 
2500 mg/mL per 20mL 
1:25 dilution 
in 0.1% BSA PBS buffer 
pH = 7.0 
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Tenth approach:  
Ab1  25 mg/mL  in PBS buffer pH=7.0 
BSA  0.2%  in PBS T-20 buffer 
pH=7.0 
NA  Several concentrations  in PBS buffer pH=7.0 
BioAb2-MPs-StrHRP  5 mg/mL per 50mL 
2.5 mg/mL per 30mL 
2500 mg/mL per 20mL 
1:50 dilution 
in 0.1% BSA PBS buffer 
pH = 7.0 
 
In the ninth approach, the dilution was not sufficient, and thus we now 
make comments directly for the tenth approach in which we observed good values 
of current intensity, as Figure 31 shows. The detection limit was 10 pg/mL.  
This approach, however, did not display a good reproducibility and thus 
we tried to optimize the biological conditions of our immunosensor by employing 
solutions with the same pH that was used during the synthesis of Nanog (pH = 
7.4).  To  verify  the  improvement,  we  decided  to  go  back  to  the  conventional 
biosensor, and we also increased the concentration of BSA in the second step.  
 
Figure 31. Amperometric results of the tenth approach (for the sake of better 
comparison the curves have been arbitrarily shifted). 
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Eleventh approach: 
Ab1 
BSA 
NA 
Biotin-Ab2 
Streptavidin-HRP 
 
As Figure 32 shows, with this approach we obtained very good results for 
sensibility,  reproducibility  and  reliability  toward  Nanog.  In  fact,  the  detection 
limit is 25 pg/mL, the sensitivity, calculated as the slope of the calibration plot 
(see  Figure  33),  is  0.639  nA
excellent sensor-to-sensor reproducibility (see Figure 33).
 
Figure 32. Amperometric results of the eleventh 
comparison the curves have been 
Eleventh approach:  
25 mg/mL  in PBS buffer pH=7.0
2%  in PBS T-20 buffer 
pH=7.4
Several concentrations  in PBS buffer pH=7.4
1 mg/mL  in 0.1% BSA PBS buffer 
pH=7.4
5 mg/mL  (1:200)  in 0.1% BSA PBS buffer 
pH=7.4
As Figure 32 shows, with this approach we obtained very good results for 
sensibility,  reproducibility  and  reliability  toward  Nanog.  In  fact,  the  detection 
sensitivity, calculated as the slope of the calibration plot 
(see  Figure  33),  is  0.639  nA-mL  pg
-1,  and  the  small  error  bars  illustrate  the 
sensor reproducibility (see Figure 33). 
Amperometric results of the eleventh approach (for the sake of better 
comparison the curves have been arbitrarily shifted). 
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As Figure 32 shows, with this approach we obtained very good results for 
sensibility,  reproducibility  and  reliability  toward  Nanog.  In  fact,  the  detection 
sensitivity, calculated as the slope of the calibration plot 
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(for the sake of better  
Figure  33.  Immunosensor  calibration  plot  for  Nanog  using  the  eleventh 
approach. 
  
On the other hand, we wanted to obtain a detection limit low enough to 
have a sensor capable of measuring both normal cancer
with elevated levels of cancer. As we described above, this is possible by using 
magnetic beads and thus in the last step we used a 0.1% BSA PBS buffer (pH = 
7.4) solution of StrMPs
Twelfth approach: 
Ab1 
BSA 
NA 
StrMPs-bioAb2-bioHRP
 
As Figure 34 shows, this approach increases the detection limit and the 
sensitivity of the sensor very significantly. From the calibration plot (Figure 35) 
we obtained a sensitivity equal to 1.98 
the conventional immunosensor; the detection limit was 0.1 pg/mL, i.e., ~250
better than the value of 25 pg/mL using the conventional immunosensor.
Immunosensor  calibration  plot  for  Nanog  using  the  eleventh 
On the other hand, we wanted to obtain a detection limit low enough to 
capable of measuring both normal cancer-free patients and patients 
with elevated levels of cancer. As we described above, this is possible by using 
magnetic beads and thus in the last step we used a 0.1% BSA PBS buffer (pH = 
7.4) solution of StrMPs-BioAb2-BioHRP.  
 
approach:  
25 mg/mL  in PBS buffer pH=7.0
0.1%  in PBS buffer pH=7.4
Several concentrations  in PBS buffer pH=7.4
bioHRP  20 mL  
5 mg/mL 50 mL  
30 mL of 2.5 mg/mL  
10mL is diluted 1:50 
in 0.1% BSA PBS buffer 
pH = 7.4 
(incubated for 30 min)
As Figure 34 shows, this approach increases the detection limit and the 
sensitivity of the sensor very significantly. From the calibration plot (Figure 35) 
we obtained a sensitivity equal to 1.98 nA-mL pg
-1, i.e., ~3 times larger than using 
the conventional immunosensor; the detection limit was 0.1 pg/mL, i.e., ~250
better than the value of 25 pg/mL using the conventional immunosensor.
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Immunosensor  calibration  plot  for  Nanog  using  the  eleventh 
On the other hand, we wanted to obtain a detection limit low enough to 
free patients and patients 
with elevated levels of cancer. As we described above, this is possible by using 
magnetic beads and thus in the last step we used a 0.1% BSA PBS buffer (pH = 
in PBS buffer pH=7.0 
in PBS buffer pH=7.4 
in PBS buffer pH=7.4 
in 0.1% BSA PBS buffer 
pH = 7.4  
(incubated for 30 min) 
As Figure 34 shows, this approach increases the detection limit and the 
sensitivity of the sensor very significantly. From the calibration plot (Figure 35) 
, i.e., ~3 times larger than using 
the conventional immunosensor; the detection limit was 0.1 pg/mL, i.e., ~250-fold 
better than the value of 25 pg/mL using the conventional immunosensor.  
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Figure 34. Amperometric results of the twelf
comparison the curves have been 
Figure 35.  Immunosensor calibration plot for Nanog using the twelfth approach.
 
perometric results of the twelfth approach (for the sake of better 
comparison the curves have been arbitrarily shifted). 
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Immunosensor calibration plot for Nanog using the twelfth approach.  
 
At this point, to better control and automate sample introduction, as well as 
steps such as washing, reagent addition, and the amount of H
decided to take the sensor experiment to the microfluidic system. 
In  microfluidics,  the  mechanism  is  similar  to  that  of  the  rotating
electrode, the main difference being that in this case
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The  intensity  of  the  amperometric  current  is  proportional  to  the 
concentration of NA, and the width of the peak is proportional to the speed rate of 
the flux. Figure 37 shows one representative example of measurement employing 
electrode array. The Nanog concentration was 1 pg/mL. As we can see, 
the  current  does  not  reach  a  steady  state,  as  with  the  rotating
method, but increases until reaching a maximum value and then decreases in time 
because the concentration of hydrogen peroxide decreases due to the constant flux 
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Figure  37.  Amperometric  results  of  1  pg/mL  eight-electrode  array  using  the 
twelfth approach. 
 
This  was  the  last  result  obtained  concerning  this  optimization  process. 
Further  measurements  are  currently  being  carried  out  at  the  University  of 
Connecticut. Among them, to obtain a “microfluidic” calibration curve similar to 
that  of  Figure  35  and  the  use  of  different  NA  concentrations  in  the  eight 
electrodes.  
The results described above demonstrate the utility of gold nanoparticle-
based  immunosensors  combined  with  amplified  multilabel  detection  using 
magnetic  beads  for  ultrasensitive  detection  of  protein  biomarkers.  Since  a 
significant number of biomarkers have normal levels in the low pg/mL range, we 
here wished to demonstrate how to improve the detection limit in this range in 
order  to  optimize  a  sensor  capable  of  measuring  both  normal  (=low) 
concentrations representative of cancer-free patients and elevated levels indicative 
of  cancer.  The  approach  utilizing  StrMPs-bioAb2-bioHRP  conferred  the  best 
sensitivity and the best detection limit due to the high number of labels on each 
magnetic  bead.  Other  advantages  of  the  magnetic  beads  for  multiple  labeling 71 
 
include a more narrow and reproducible size distribution than other methods and 
ease of preparation of the labeled bioconjugates, featuring magnetic separation of 
MPs-Ab2-HRP from unbound proteins by using a magnet.  
The  increased  density  of  the  conductive  AuNPs  greatly  increases  the 
active surface area for capture antibody attachment to flexible glutathione tethers 
and may also be an important factor explaining the improved sensitivity. The key 
advantages for higher amperometric signal include densely packed, patternable 
conductive  nanoparticles  resulting  in  a  high  surface  area,  highly  conductive 
platform with protruding functional groups that allow simple bioconjugation to 
large amounts of primary antibodies. The immunosensors required mediation for 
the best sensitivity and this is most likely related to the distance between the HRP 
labels and the AuNPs, which limits the efficiency of direct ET.  
The improvement in detection limit may be also related to better control of 
mass transport in the microfluidic system compared to the rotating-disk electrode 
approach,  leading  to  better  signal-to-noise.  The  microfluidic  biosensor  also 
showed  good  stability  and  reproducibility.
9  In  general,  the  advantages  of 
microfluidics are: i) small volume required [ L, nL] (very important for expensive 
reagents and to reduce waste); ii) faster response (reaction time is fast, shorter 
diffusion  distances);  iii)  high  sensitivity  and  detection  limits;  iv)  inexpensive 
method; v) less energy consumption; vi) capability of rapid multiplexed protein 
detection; vi) portable and user friendly; vii) operationally simple; viii) ideal for 
point of care diagnostics.  
To conclude, this method should be readily adaptable to measure cancer 
biomarkers having very low normal levels in serum and tissue, for point-of-care 
early detection and monitoring of this disease.   
 
3.2 IRRAS Characterization of Peptide SAM 
 
Infrared reflection absorption spectroscopy (IRRAS) is a useful technique 
for studying thin films on reflective substrates. A study of the infrared absorption 
spectra  of  adsorbed  molecules  may  provide  detailed  information  about  the  
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structure of the adsorbed species, the nature of the interaction with the surface, 
and the strength of the adsorption forces. 
 
3.2.1 The metal-surface selection rule 
 
The IRRAS technique differs from normal IR spectroscopy for a particular 
effect given by the reflection of the beam on a surface. Infrared radiation is a 
transverse,  electromagnetic  wave  characterized  by  the  orthogonal  electric  and 
magnetic fields oscillating in directions perpendicular to the direction of the wave 
propagation. Figure 38 shows a graphical representation of an electromagnetic 
wave with the electric field oriented along the y axis. Such a wave, with a well-
defined  orientation  of  the  electric  and  magnetic  fields,  describes  a  linearly 
polarized radiation and shows that a non-polarized radiation can be regarded as 
composed of two orthogonal, linearly-polarized components. The energy of the 
magnetic field is equal to the energy of the electric field of an electromagnetic 
wave and thus it is convenient to consider only one field, usually the electric one. 
When the electromagnetic radiation is incident at a boundary between two phases, 
part of the beam is reflected and part of it is refracted into the second medium. 
The reflected light combines with the incident light to produce a standing-wave 
electric field at the metal surface, where the adsorbing monolayer is present.  
 
 
 
Figure  38.  Direction  of  electric  and  magnetic  fields  with  respect  to  the 
propagation direction of an electromagnetic wave. 73 
This interaction between the incident and reflected light causes a phase 
change  in  the  electromagnetic  radiation  that  depends  upon  both  the  angle  of 
incidence and the state of polarization of the light. Figure 39 shows the typical 
reflection phase shifts expected for a metal. The phase shift for the component 
polarized  perpendicular  to  the  plane  of  incidence  (s-polarized  electromagnetic 
radiation) is close to 180° for all angles of incidence, while the phase shift for the 
component  polarized  parallel  to  the  plane  of  incidence  (p-polarized 
electromagnetic radiation) changes rapidly at high angles of  incidence.  The plane 
of incidence is defined as the plane that contains the incident and reflected beams. 
 
 
Figure 39. Phase shift for light reflected from a metal surface.  δ||  is  the  phase  
shift for light  polarized parallel to the plane of  incidence;  δ┴ for light  polarized  
perpendicular to the plane of incidence. 
 
Figure 40 shows the plane of incidence profile of a boundary formed by a 
transparent and an absorbing phase. The coordinate system has the x and z axes in 
the  plane  of  incidence  and  the  y  axis  normal  to  the  plane  of  incidence.    The  
propagation  directions  of  the electromagnetic  radiation  are  indicated  by  
dashed  lines.  The figure shows that the incident beam can be  envisaged  as  
composed  of  the two  linearly  polarized  orthogonal  components: s and p.
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Figure 40. Reflection and refraction of electromagnetic radiation at the boundary 
between  a  transparent  and  an  absorbing  medium.  Dashed  lines  denote  the 
direction of propagation of radiation. Arrows indicate the electric field vector of 
p-polarized light, which lies in the plane of incidence. Symbols   and   
indicate  the  advancing  and  retreating  electric  field  vectors  of  s-polarized 
radiation (which is perpendicular to the plane of incidence). In addition, symbol
 shows the (advancing) direction of the y coordinate axis. 
 
Figure 41, instead, underlines the orientation of the electric field vectors of 
s- and p-polarized beams with respect to the metal surface for a high angle of 
incidence  where  the  phase  shift  upon  reflection  is  90°.  Due  to  destructive 
interference  of  the  incident  and  reflected  radiation  near  the  metal  surface,  the 
electric field of the s-polarized infrared beam almost vanishes at the metal surface 
for all  angles of incidence, while the electric field of the p-polarized  beam is 
enhanced at the metal surface as result of the constructive interference. Note that 
at grazing incidence the phase shift is 180° even for the p-polarized component 
and, consequently, its incident and reflected electric vectors would cancel at the 
metal surface. In other words, a thin layer on a metal reflecting surface should 
show  some  absorption  only  for  the  light  polarized  parallel  to  the  plane  of 
incidence and for a sufficiently high value of the angle of incidence, but not too 
high,  otherwise  even  the  p-polarized  component  undergoes  to  a  destructive 
interference. 75 
 
By considering these issues, the IR spectrum for a chemisorbed molecule 
may substantially change from that of the same molecule in solution or gas phase. 
Because of the reflection, only those modes that have vibrational dipole moments 
with  components  perpendicular  to  the  metal  surface  will  have  measurable 
intensities. Whereas these normal modes are IR active, the normal modes whose 
dipole moment is parallel to the metal surface are IR inactive. This selection rule 
characteristic of the reflection adsorption spectroscopy is called “metal-surface 
selection  rule”.  Finally,  differences  in  the  IR  spectra  are  also  expected  for  a 
substantial change in the degrees of freedom of the chemisorbed species due to 
the bond between the molecule and the metal surface. It is well known that an N-
atomic  molecule  in  the  gas  phase  has  3N  kinetic  degrees  of  freedom,  for  a 
nonlinear molecule 3 of these are translational, 3 are rotational and (3N-6) are 
vibrational modes; for linear molecules there are 3 translational, 2 rotational and 
(3N-5) vibrational modes.  
 
 
p - polarized radiation: 
electric field oscillates in the 
plane of incidence 
phase shift after reflection = 90° 
constructive interference 
enhancement of electric field at 
the metal surface 
s - polarized radiation: 
electric field oscillates perpendicular to the 
plane of incidence 
phase shift after reflection = 180° 
destructive interference 
vanishing of electric field at the metal 
surface 
 
Figure 41. Diagrams of reflection of linearly polarized electromagnetic radiation 
by  a  metal  mirror  for  a  grazing  angle,  showing  the  interaction  of  s-  and  p-
polarized beams with the metal surface.
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For each non-degenerate vibrational degree of freedom, there is a normal 
mode in which all atoms vibrate with the same frequency. However when an  N-
atomic  molecule  is  chemisorbed  on  a  solid  a  new  chemical  bond  is  formed  
between the molecule and  the  surface  and  the  adsorbed  species  is  held  with a 
greater  extent  of  rigidity.  This  leads  simultaneously  to  a  substantial 
rearrangements of the bonding pattern between the atoms of the original adsorbed 
molecule  and,  hence,  to  a  changed  of  the  (3N-6)  "internal"  vibrational 
frequencies. In addition, the three translational and the three rotational motions of 
the free molecules are usually converted to vibrational modes arising from the 
presence of the new chemical bonds. These new modes may become substantially 
mixed with the modified internal vibrations of the adsorbed molecule. Therefore, 
it is generally strictly meaningful to speak of a total of 3N new modes associated 
with the system of adsorbate plus adsorbent. In some cases, the torsional mode of 
the chemisorbed species may be approximate to a free rotation of the molecule 
around the new bond formed; then, there will be (3N-l) new vibrational modes. In 
addition  to  changes  in  the  degree  of  freedom  of  the  molecule,  new  modes  of 
vibration can arise from the coupling between the vibrations of the chemisorbed 
species and the lattice modes of the surface. This particular coupling can add other 
3N vibrational degrees of freedom.
99  
 
3.2.2 Characterization of Aib-Homopeptides 
 
Before  addressing  the  actual  IRRAS  measurements  carried  out  on  the 
peptide SAMs prepared on well activated and characterized gold surfaces (see 
Experimental), it is important to assess and comment the IR spectroscopy features 
of the free peptides in solution.  
The FT-IR absorption spectra of the thiolated Aib-peptides, S-protected by 
the trityl (Trt) group, were obtained in CH2Cl2, which is a solvent of low polarity 
having no propensity to behave as a hydrogen-bond acceptor. The analysis was 
focused on the N-H and amide stretch modes.  
The N-H stretch region (Amide A region, ranging from 3500 to 3200 cm
-1) 
is composed by a high-energy region corresponding to the NH groups that are not 
involved in hydrogen bonds and a low-energy region pertaining to NH groups 77 
 
involved in intra- and inter-molecular hydrogen bonds (Figure 42 and 43). The 
amide region ranges from 1700 to 1500 cm
-1 and contains two main signals: the 
one higher in energy is called Amide I and is principally related to the stretch of 
the  C=O  groups.  The  other,  lower  in  energy,  is  called  Amide  II  and  is  more 
complex with an important contribution from N-H bending and C-N stretching 
vibrations (Figures 44 and 45).
100-101  
As we can see in Figures 40 and 41, for both the plus and minus series 
there is a red-shift of the Amide I signal, as the peptide chain is made longer, as 
previously reported for similar peptide series by Toniolo et al.
100  
In particular, these authors found that this red-shift is optimized with the 
octamer because of formation of a fully developed, stable intramolecular H-bond 
network. Interestingly, we can observe a shoulder in the amide I of 1- at high 
energy. It thus appears that while for the 1+ the H-bond is more stable and the 
signal is prevalently related to the H-bonded C=O stretch, in the minus series the 
H-bond is weaker and the C=O component not involved in such interaction is 
more evident. 
 
 
Figure 42.  The amide A region for the plus series.  
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Figure 43. The amide A region for the minus series. 
 
 
Figure 44. Amide I and amide II regions for the plus series. 
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Figure 45. Amide I and amide II regions for the minus series. 
 
Concerning the amide A region (Figure 42 and 43), there are two signals: a 
less intense signal at higher frequency and a more intense one between 3350 and 
3300 cm
-1. The first is related to free N-H  groups. According to the 310-helix 
features, two N-H and two C=O groups are not involved in intramolecular H-
bonds, as highlighted in Figure 46. As reported by Toniolo et al.
100, the intensity 
of the band related to the stretch of the N-H bonds involved in intramolecular H-
bonds increases as the peptide is made longer. The red-shift of the band tends to 
become independent of the peptide length for sufficiently long peptides, meaning 
that the 310-helix is fully formed and stable. With our systems, we observed the 
same intensity increase and red shift. The intensity of the band related to the free 
N-H groups does not change because the number of those groups (two) does not 
vary with the peptide length. 
 
 
Figure 46. The C=O and the N-H not involved in the intramolecular H-bonds 
(plus series) are circled in blue and orange, respectively.  
80 
 
To verify the extent of stability of the 310-helices formed by the peptides of 
the plus and minus series, we applied the same analysis previously described for 
these systems. The ratio between the integrated intensity of the band of H-bonded 
N-H groups to free N-H groups, divided by the number of actual H-binds, should 
display a dependence of on the number of intramolecular H-bonds that tends to 
level off for sufficiently long peptides: this is an indication of formation of stable 
and stiff 310-helices.
100  
Figure 47 compares the results obtained with the plus and minus series in 
comparison  with  the  data  previously  reported  for  Z-(Aib)n-OtBu  (Z  = 
(benzyloxy)carbonyl, OtBu = tert-butoxy, n = 3-11).
100 If the values at large H-
bond values are taken as a reference, one can estimate how the percentage of 
intramolecular H-bonds changes as the peptide is made longer. This is illustrated 
in Figure 48. The shorter oligomers, as expected, display less stability but for 
longer peptides of the investigated series we can conclude that the helices are 
essentially fully formed, which implies stiffer peptides.      
 
Figure 47. Dependence of the normalized ratio between the integrated intensity of 
free and intramolecularly bonded N-H groups on the number of H-bonds (for 
explanations, see text).  
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Figure 48. Dependence of the peptide stiffness on the number of H-bonds. 
 
We should finally note, however, that the FT-IR technique alone does not 
allow one to unequivocally establish the specific helical structure adopted by the 
peptides.  Full  assessment  also  requires  extensive  characterization  by  NMR 
spectroscopy. For the peptides here investigated, this aspect was previously dealt 
with,  and  will  not  be  discussed  further.
83  Here,  if  suffices  to  stress  that  the 
presence of the 310-helical structure was fully confirmed for most of the peptides 
here investigated.  
 
3.2.3 Characterization of Aib-Homopeptides SAMs  
 
Vibrational  spectroscopy  is  a  powerful  technique  for  studying  peptide 
structures and interactions. In the previous section, we discussed the IR absorption 
behavior of the free (protected) thiolated peptides and, particularly, how the N-H 
stretch region (amide A) allows us to distinguish between the N-H groups that are 
involved  in  intramolecular  hydrogen  bonds  and  those  not  involved  in  such 
interactions.  We  also  saw  that  other  important  information  on  the  310-helix 
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structure and stability can be obtained from the amide I (and amide II) region. 
IRRAS spectroscopy was utilized to obtain information on the structure of the 
peptide  SAMs  and  to  further  investigate  their  stability.  In  fact,  the  same 
information provided from FTIR of free ligands can be obtained from the position 
and intensity of the IRRAS peaks. In addition, information on the organization of 
the monolayer can be gathered by taking advantage of the metal-surface selection 
rule.  
The two series of peptides, self-assembled onto carefully annealed gold 
surfaces (see Experimental) were thus studied by  IRRAS; the spectrum of 0+, 
however, could not be satisfactorily analyzed because of its week signals. Figure 
48 shows the full spectrum of the SAMs formed from the peptides of the plus 
series.  The presence of bands that clearly increase as the peptide length increases 
is evident. We will first comment the Amide A region, and then the Amide I and 
II regions.  
 
Plus Series: 
 
Figure 49. The FTIR-RAS spectra for the plus series correspond (bottom to top) 
to 1+ (pink), 2+ (green), 3+ (blue), 4+ (red), and 5+ (black). 
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Hydrogen bonding and the coupling between transition dipoles are among 
the  most  important  factors  governing  conformational  sensitivity  of  the  amide 
bands.
100  
The  N-H  stretch  region,  from  3200  cm
-1  to  3500  cm
-1,  clearly  shows 
(Figure 50), that compared to the free molecules the band corresponding to the 
two free N-H groups disappears, which means that all the N-H groups are bonded 
either intra- or inter-molecularly. In fact, we should consider that while in the 
SAMs the peptides are forced to organize close to each other. In this way, the free 
N-H are conceivably involved in intermolecular interactions and thus the high-
frequency band disappears. This  conclusion also implies that neighbor peptide 
adsorbates  should  provide  C=O  groups  that  are  already  involved  in  intrachain 
C=O   H-N hydrogen bonds. These three-center hydrogen bonds allow formation 
of a strong interchain bonding network and, since for the plus series they  are 
embedded inside of the monolayer, they are largely unaffected by an increase of 
the peptide length, as already observed for the corresponding 3D SAMs formed 
on gold nanoclusters.
83  
The Amide A region also shows that as the peptide chain length increases 
the  frequency  of  the  N-H  stretch  band  of  intramolecularly  H-bonded  peptides 
decreases, which is a marker of the increase of peptide stiffness (see Figure 51). 
As  we  discussed  in  the  previous  section,  based  on  the  work  of  Toniolo  and 
coworkers one can relate the percentage of intramolecular H-bonds of the 310-
helix type to the number of residues.
100  
We applied the same treatment to the trityl-protected thiolated peptides of 
the plus series and could estimate that even with 1+ helicity is more than 70%, 
eventually  becoming  100%  for  the  longest  peptide.  These  data  highlight  the 
outstanding efficiency of the Aib unit in stabilizing folded and helical species 
even in very short peptides, but also explain the broadness of the IR bands, which 
result from a combination of contributions from multiple conformations.
83  
Since the helicity percentage requires to compute a factor including the 
integrated absorbance of the free N-H groups, this calculation cannot be applied to 
the peptides in the SAM. On the other hand, the very fact that the peptide is inside 
the monolayer implies less freedom degrees and thus the helix is expected to be 
even stiffer than in solution. This is also known for simple alkanethiols, where the  
84 
 
all-trans conformation is stabilized by Van der Waals interactions with neighbor 
molecules in the SAM.
56 We are thus confident that not only the 310-helix forms, 
as already inferred from the IR spectra of the free molecules in solution, but also 
that it is probably even stiffer.  
From the comparison between the amide A band of the free peptides and 
those self-assembled on the gold surface, another interesting aspect emerges (see 
Figure 51). In general, we notice that the peptide-length dependence of the band 
maximum for the free (trityl-protected) peptides in solution and that for the self-
assembled  peptides  is  approximately  similar.  Figure  48  shows  that  the 
wavenumber of the amide A band for the plus series linearly decreases with an 
increase of the number of H-bonds. The main difference between the two series is 
an almost constant shift: the plus series of chemisorbed peptides is shifted toward 
lower wavenumbers by  ~4 cm
-1. This is probably related to what said before: 
while in the SAM, the peptides are stiffer. 
 
 
Figure 50.  Amide A band for the peptide SAM of the plus series, with the only 
exception of 1+ because it had a different behavior, so it was treated later. 
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Figure 51. Comparison between the wavenumbers of the amide A band for the 
plus series of the free protected peptides (blue color) and for the plus series of the 
self assembled peptides (red color). 
 
The  band  of  2+  shows  the  presence  of  two  components.  The  low-
frequency component appears to be present also when the peptide is made longer 
(the overall bad is very broad), but the red shift of the main band prevents its 
detection  for  4+  and  5+.  The  low-frequency  component  is  typical  of 
intermolecular H-bonds, as already found and discussed in detail with Aib-peptide 
protected  gold  nanoclusters.
83  We  here  made  the  assumption  that  the  low-
frequency component of 2+ is present for all peptides.  
To better appreciate the relative similarities and differences, also in terms 
of absorbance maxima, we thus normalized the N-H stretch region (Figure 53) by 
taking into account the number of molecules per cm
2 (Table 4). These data were 
calculated using the average of the charge (mC) per cm
2 obtained in reductive 
desorption measurements.
89 By this approach, one can take into account the actual 
difference between the surface concentrations. In other words, the low-frequency 
band  of  2+  could  be  normalized  for  the  concentration  and  this  value  was 
subtracted from the normalized broad band of the other peptides. The contribution 
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of  the  N-H  band  of  intermolecularly  H-bonded  peptides  was  obtained  by 
deconvolution
89b of the spectrum of 2+, as illustrated in Figure 52.  
 
Table 4: Values of Surface Coverage. 
H-Bonds  Plus Series (mol cm
-2)  Minus Series (mol cm
-2) 
0  4.15 ± 0.25 · 10
-10  - 
1  4.03 ± 0.24 · 10
-10  6.40 ± 0.70 · 10
-10 
2  3.84 ± 0.20 · 10
-10  - 
3  4.99 ± 0.43 · 10
-10  3.70 ± 0.05 · 10
-10 
4  4.59 ± 0.34 · 10
-10  - 
5  4.31 ± 0.26 · 10
-10  3.14 ± 0.12 · 10
-10 
 
 
This deconvolution clearly shows that the signal can be deconvoluted as 
the sum of two non-linear least square Gaussian fits, one due to the intramolecular 
bonds at 3349 cm
-1 and the other due to the intermolecular bonds at 3308 cm
-1. 
The latter frequency is as found with Aib-peptides protecting gold nanoclusters
89: 
in the end, we are comparing very similar systems, the main difference being that 
small Au clusters tend to be roughly spherical (3D SAM).  
 
Figure 52. Deconvolution of amide A region of 2+. 
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Figure 53. FTIR-RAS spectra for the amide A normalized by taking into account 
the concentration and the presence of the N-H band of intermolecularly H-bonded 
peptides. 
 
As already noted, shorter oligomers exhibit in solution a small percentage 
of intramolecular H-bonds. In SAMs, on the other hand, the presence of neighbor 
molecules reduces the freedom degrees of each molecule and should thus make 
the helix more stable and stiffer. This is true for most Aib peptides. Notably, 
however, Figure 51 shows that the amide A band of 1+ does not have the classical 
signal  related to an intramolecular H-bond (according to Figure 48, a  band at 
~3360 cm
-1 was predicted). Although weak, the only detectable bands are at lower 
energies.  These  frequencies  are  typical  of  intermolecular  H-bonds,  as  already 
discussed. It appears, therefore, that when 1+ is self-assembled on a gold surface 
it undergoes a significant change of its secondary structure. The free energy of the 
system would thus be lowered when the intramolecular (310-helix like) H-bond is 
broken in favor of intermolecular H-bond(s). 
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Figure 54. Deconvolution of amide A region of 1+. 
 
As already noted, information on the peptide conformation can be obtained 
from the amide I and II regions (Figure 55). We remind that the fine structure of 
these bands is quite complex because they are not pure modes but, instead, consist 
of several components. Let us focus our attention prevalently on the comparison 
of the two amide bands, the main reason being that from the ratio between the 
corresponding intensities the tilt of the peptide adsorbates can be estimated.  
Whereas the intensity of the amide I band, which corresponds mostly to 
the C=O stretch and occurs at 1680 – 1672 cm
-1, increases with the number of 
residues for the plus series, the intensity of the amide II band, centered at ~1530 
cm
-1, is almost constant (see Figure 55). The main frequency is roughly constant 
for peptides 3+, 4+ and 5+, but the value decreases for peptides 1+ and 2+ (see 
Figure 56). The different sensitivity of the two bands on the peptide length are 
related  to  the  metal-surface  selection  rules,  according  to  which  the  transition 
moment related to the amide I band is more perpendicular to the surface, while the 
transition moment related to the amide II is only mildly affected.  
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Figure 55. IRRAS spectra of the amide I and II bands for the plus series. 
 
Concerning the Amide I band of the free and the SAM peptides (Figure 
53), the frequency of the signal slightly decreases as the number of hydrogen 
bonds increases. This behavior is related to a progressive stabilization of 310-helix 
with an increase in the number of residues.
100 Unlike amide A, the amide I band 
of the self-assembled peptides is shifted by ~4 cm
-1 to higher wavenumbers than 
in the corresponding free peptides. This behavior is quite intriguing because it 
would point to a less strong helical structure of the peptides while in the SAM. 
This  is  in  contrast  with  the  amide  A  behavior,  the  latter  being  easily 
understandable because of the reduced freedom degrees inside the SAM. At the 
present  stage  of  investigation,  we  have  no  explanation  of  the  different  trend 
showed  by  the  amide  I  data.  As  for  the  Amide  A  region,  1+  displays  some 
different features from the other peptides of the plus series. This is evident from 
the shape of the amide I band (Figure 57) that is composed by more than one 
component. We will see that a similar complex situation is also displayed by 3- 
and, particularly, 1-. The complex pattern of the Amide I band confirms our initial 
hypothesis  that  when  1+  is  self-assembled  on  a  gold  surface  it  undergoes  a 
significant change of its secondary structure.  
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Figure 55. Comparison between the wavenumbers of the amide II band for the 
plus series of the free protected peptides (blue) and for the plus series of the self-
assembled peptides (red). 
 
 
Figure 56. Comparison between the wavenumbers of the amide I band for the 
plus series of the free protected peptides (blue color) and for the plus series of the 
self assembled peptides (red color). 
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Figure 57.  Deconvolution of amide I region of 1+. 
 
The frequency of the main bands of the plus series, for both the Amide A 
and the amide carbonyl regions, are gathered in Table 5. 
 
Table 5: Values of wavenumbers obtained for each peptide for the plus series. 
H-Bonds  Region  Wavenumber (cm-1)
1 
1  Amide I  1679.6 (1668.1, 1690.6) 
  Amide II  1511.6 
  Amide A  3305.2 (3219, 3277) 
2  Amide I  1679.0 
  Amide II  1524.7 
  Amide A  3349.8 (3308.2) 
3  Amide I  1677.1 
  Amide II  1530.4 
  Amide A  3334.7 
4  Amide I  1674.8 
  Amide II  1532.3 
  Amide A  3323.8 
5  Amide I  1672.7 
  Amide II  1532.3 
  Amide A  3316.0 
 
1 The frequency values obtained from deconvolution are in parenthesis. 
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Minus Series: 
 
Figure 58. The FTIR-RAS spectra for the minus series correspond (bottom to top) 
to 1- (blue), 3- (red), and 5- (black).  
 
We  now  focus  on  the  minus  series.  This  series  consistently  displays 
absorbances significantly lower than those of the corresponding plus series. This 
is related to both a lower surface concentration (see Table 5) and other factors, as 
explained in the following.  
The spectral region pertaining to the amide A band (Figure 59) shows that 
1- has a high-energy band in the region of free N-H bonds, and both 1- and 3- do 
not show the intramolecular band at the expected wavenumbers, but show a broad 
band  at  lower  energies  that  most  likely  corresponds  to  the  stretch  of 
intermolecularly-bonded NH groups. We should mention, however, that for 3- this 
behavior is less reproducible, as if for this peptide the SAM structure is very much 
dependent on the preparation of the SAM. We believe (see below) that this is 
related to this peptide being near the “transition” between forming 310-helices and  
other, more intramolecularly H-bonded structures. For 5-, however, we observe a 
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behavior very similar to that of peptides from 2+ to 5+, albeit with a quite lower 
intensity.  
Whereas the spectral region pertaining to the amide I and II bands (Figure 
60) does not show significant differences for 3- and 5- with respect to the plus 
series (beside the intensity of the signals), 1- displays a band that is quite different 
from that of the other peptides.  
It appears, therefore, that peptides 1+, 3- and, particularly, 1- undergo a 
heavy conformational change when organized in SAMs on a gold surface. This 
was already emphasized in previous work from this laboratory, showing that the 
packing degree of 1- is particularly large.
89 The value, 6.40 ± 0.70 · 10
-10 (Table 
4), can indeed be compared with the surface coverage typical of alkanethiols’ 
SAMS on Au (111) lattice, i.e., 7.76·10
-10 mol cm
-2.
102  
Generally, for the other peptides the packing is quite smaller because the 
peptides  have  a  more  complex  and  bulky  structure  than  a  simple  alkanethiol 
chain. The coverage calculated for 1-, however, is as much as 82% the alkanethiol 
value, witnessing a very similar packing and suggesting that for this particular 
peptide the helical structure is probably lost in favor of a more elongated structure 
(note: ideal alkanethiols’ SAMs are formed by molecules adopting an all-trans 
conformation). 
The frequency of the main bands of the minus series, for both the Amide 
A and the amide carbonyl regions, are gathered in Table 6. 
 
Table 6: Values of wavenumbers obtained for each peptide for the minus series. 
H-Bonds  Region  Wavenumber (cm-1)
1 
1  Amide I  1685.8 (1669.8; 1699.19) 
  Amide II  1556.5 
  Amide A  3421.3 
3  Amide I  1673.0 
  Amide II  1531.1 
  Amide A  3303.6 
5  Amide I  1671.7 
  Amide II  1535.2 
  Amide A  3314.8 
 
1 The frequency values obtained from deconvolution are in parenthesis. 
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Figure 59. Amide A band of the peptide SAM of the minus series. 
 
Figure 60. Amide I and II band of the peptide SAM of the minus series. 
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Based on the IRRAS observations, we can thus conclude that while in the 
SAM the plus series affords a more stable secondary structure than the minus 
series. The shortest peptides give less stable 310-helices, probably preferring to 
form  intermolecular  H-bonds.  Disruption  of  the  310-helical  structure  is  more 
evident with the minus series.  
 
3.2.4   Determination of the Orientation of the Absorbed 
Molecules  
 
The orientation of the absorbed molecules within the SAM is determined 
by several factors such as the adsorbate−substrate binding strength, the geometry 
of  the  binding  site,  the  intermolecular  interactions  between  the  adsorbed 
molecules, and the solvent−adsorbate interactions.
103  
As a result, the orientation of the peptide helix axis with respect to the 
substrate's  surface  normal  is  better  described  as  a  distribution  of  values.  An 
orientation distribution function is thus necessary to interpret the IRRAS spectrum 
and calculate the average tilt angle from band intensities. Thus, Samulsky and 
coworkers
104 employed a Gaussian orientation distribution function to infer the 
peptide helix axis orientation in the SAM on gold. The helix axis orientation was 
obtained by optimizing the agreement between theoretical values for the amide I 
to amide II absorbance ratio, D (see equation 7), and the observed D value from 
the IRRAS experiments.  
Figure  61  shows  the  coordinate  system  that  describes  the  interaction 
between  the  polarized,  incident  IR  electric  field  and  the  molecular  transition 
moment in the grazing  angle  IRRAS experiment. Due to the surface selection 
rule
105, the only active electric-field component of the incident light (n) is parallel 
to the Z-axis of the laboratory system (X, Y, Z), the gold surface being in the 
X−Y plane. The transition moment m (amide I or amide II band) is located in a 
molecule (helix)-fixed frame (x, y, z) by its respective polar and azimuthal angles 
(α, β). The x, y, z frame is oriented with the z-axis along the helix, and that axis is 
located in the laboratory system by θ, and Φ. γ is the azimuthal angle about the  
96 
 
helix axis. Using the relations among the Euler a
is given by: 
 
 
Figure 61. Coordinates of the laboratory (X, Y, Z) and molecular (x,
for a tilted peptide on gold surface.
 
The IRRAS absorption intensity, 
uniform azimuthal distribution about the helix axis
over the interval [0, 2π]  
 
 
The α-dependence is simultaneously averaged by this assumption for 
the angles between the transition moment and the helix axis were determined to 
be 39° for β1 (amide I band) and 75° for 
A(θ),  where  θ  describes  the  tilt  angle  between  the  helix  axis  and  the  surface 
normal.  
 
helix axis. Using the relations among the Euler angles
106, the projection of 
 
 
 
Coordinates of the laboratory (X, Y, Z) and molecular (x, y, z) systems 
peptide on gold surface. 
RAS absorption intensity, A, is proportional to |m·n|
2. Assuming 
uniform azimuthal distribution about the helix axis γ is uniformly distributed 
Samulski found that 
dependence is simultaneously averaged by this assumption for 
the angles between the transition moment and the helix axis were determined to 
(amide I band) and 75° for β2 (amide II band),
107 A can be written as 
describes  the  tilt  angle  between  the  helix  axis  and  the  surface 
the projection of m on n 
y, z) systems 
. Assuming 
is uniformly distributed 
 
dependence is simultaneously averaged by this assumption for γ. As 
the angles between the transition moment and the helix axis were determined to 
A can be written as 
describes  the  tilt  angle  between  the  helix  axis  and  the  surface 97 
 
The observed IRRAS absorption intensity (Aobs) depends on the orientation 
distribution of the helices in the film. Thus, Aobs is the weighted superposition of 
contributions, A(θ) W(θ) dθ, where W(θ) is the normalized helix axis orientation 
distribution function. Hence, we have  
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Similarly, the average of any function X of the tilt angle of the helix axis 
relative to the surface normal is 
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The amide I to amide II absorbance ratio is  
 
 7          
    
 
    
      
   |  ·  |   
          
 
 
 
   |  ·  |   
          
 
 
 
   
 
where K is the scaling factor that relates the intrinsic “oscillator strength” of the 
amide I and amide II vibrational modes. K was determined to be 1.35 ± 2 from the 
transmission FTIR spectrum of a peptide KBr pellet.
104  
The Gaussian orientation distribution function that was used to model the 
helix axis orientation distribution is  
 
 8                    
1
2             sin    
 
where N is the normalization constant: 
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Assuming the monolayer to be an ideal isotropic film with a uniplanar 
distribution  of  helix  axis  confined  to  the  gold  substrate,  q  results  constant. 
Therefore, the helix-axis orientational distribution is a delta function: W(q) = d(q -
90°). This distribution is certainly reasonable for our monolayer.  
The observed ratio of the amide I and amide II integrated intensities, Dobs = 
A
I
obs/A
II
obs, is thus calculated from the equation, for which we know W(q) = d(q -
90°). Therefore, the orientation of the peptides adsorbed on the gold surface was 
determined according to the following equation, assuming an isotropic monolayer: 
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A
I
obs  and  A
II
obs  are  the  observed  absorbances  of  amide  I  and  amide  II 
bands, q is the tilt angle of the helical axis, and b1 and b2 represent the angles 
between the transition moment and the helix axis, those value were taken to be 
39° and 75°, respectively.
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In order to take the maximum value of observed absorbance, we selected 
the two zones of the spectrum where the amide I and amide II bands are present. 
Then, we employed three different nonlinear regression analyses (the Gaussian, 
the Pseudo-Voigt, and the Lorentzian fitting methods) to optimize the agreement 
between the theoretical values for the amide I to amide II absorbance ratio, and 
the observed D value from the IRRAS experiments. After several tests, we opted 
for using only the Gaussian regression, which gave the best peaks. In some cases, 
to find the best values of maximum absorbance, we also used a deconvolution, 
and  to  calculate  the  corresponding  error,  we  used  the  conventional  linear 
propagation: 
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Then,  to  calculate  the  tilt  angle  of  each  peptide  and  the  corresponding 
errors, we used the following equations, obtained from equation 10. 
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From these calculations, we obtained the values shown in Table 7.  
 
Table 7: Amide I to Amide II Absorbance Ratio and relative Tilt angle. 
H-Bonds  D = A
I/A
II  Tilt Angle q q q q (degrees) 
1+  1.16  54.7 
2+  1.68  49.5 
3+  2.06  44.6 
4+  2.80  37.9 
5+  5.90  22.4 
 
1-  1.20  57.8 
3-  1.25  56.7 
5-  1.38  54.2 
 
 
Of course, all these data rely on a series of assumptions. First, we assume 
of having a monatomically smooth Au(111) surface and that there is no surface 
roughness  (i.e.,  an  angular  spread  resulting  from  a  less-than-flat  surface  that 
should be convolved with the angular distribution of the helix axes). This is a 
significant assumption as the IR beam size is macroscopic in areal dimensions and 
it is doubtful that a uniform surface (other than a single crystal) describes such a 
large area. On the other hand, in the Experimental section we stressed that the 
freshly  annealed surface is mostly  a (111) surface and the roughness factor is 
close to 1, being 1.16 ± 0.08. Second, we assume that the SAM is isotropic and 
defect-free,  and  this  is  something  that  is  obviously  not  true  as  thoroughly 
commented upon in the introducing chapter. Finally, how well is the helix axis 
defined? At the polypeptide-air interface, for example, we expect some dynamic 
behaviour that introduces some uncertainty about the definition of the helix axis 
itself. That the helices are stable is true for the longest peptides of the plus and 
minus series, but it is not completely valid for shorter peptides, particularly those 
of the minus series. For these peptides,  1 q  and  2 q  may thus be slightly different. 
Because of these assumptions, we consider that an error of at least ±5° is more 
reasonable than that of ±1° deriving from our calculations. Figure 63 shows that 
the long peptides of the plus series are less tilted than shorter ones.  
We should stress that the figure also includes 1+ and 1-, although the error 
on the determination of their amide II intensity indicates that the calculated tilt 101 
 
angles suffer an even larger error than that indicated in the figure. Noteworthy, 
Figure  63  shows  that  when  the  number  of  H-bonds  increases  the  tilt  angle 
decreases smoothly. Therefore, it appears that long peptides are suitable to better 
self-assemble  on  the  surface.  In  other  words,  the  more  rigid  is  the  secondary 
structure  of  the  peptide,  the  more  the  SAM  is  ordered  and  the  molecules  are 
perpendicular to the surface. It is also interesting to note that in the minus series 
the tilt angle depends very little on the peptide length. These angles are similar to 
those  of  1+  and  2+.  This  means  that  the  peptides  of  the  minus  series  are,  on 
average, significantly more tilted than those of the plus series. 
The  tilt  angles  that  we  calculated  are  generally  larger  than  those  of 
alkanethiols, ~30°. On the other hand, helical peptides show tilt angles in the 
range  from  20°  to  55°,
108,109,110,111  in  line  with  our  results.  The  majority  of 
literature calculations are based on IRRAS data. 
 
Figure 62. Dependence of the ratio between the absorbance of amide I and that of 
amide II on the number of H-bonds for the plus and the minus series. 
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Figure 63. Dependence of the tilt angle of the helix axis on number of H-bonds 
for the plus and minus series. 
 
3.2.5. Determination of the Thickness of the Monolayer 
 
The thickness of the monolayers (h) can be calculated from the tilt angle 
(θ) and the length of the peptide (l). The lengths of the investigated peptides have 
been calculated (for perfect 310-helices) from molecular models. The length was 
calculated from the hydrogen of the SH group (mimicking Au) to the hydrogen of 
the most distant CH3 of the tert-butyl group. The calculated lengths are: 1+, 11.6 
Å; 2+, 13.6 Å; 3+, 15.2 Å; 4+, 16.7 Å; 5+, 18.6 Å; 1-, 11.3 Å; 3-, 15.2 Å; 5-, 18.9 
Å. As shown in Figure 64, the thickness of the monolayer can be calculated by 
applying a simple trigonometric formula. This calculation logically brings with it 
all the approximations made with the calculation of the tilt angle. Although the 
calculated values are  affected by  a non-negligible error,  a  relative comparison 
between peptides of the plus and minus series can still be carried out. 
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  Further investigations on the monolayer thickness have been planned for 
future work using other methods of analysis, such as ellipsometry and ARXPS 
(angle resolved X-ray photoelectron spectroscopy: this is a technique in which the 
photoelectron  take-off  angle  allows  reducing  the  depth  from  which  the  XPS 
information is obtained; its most important application is, in fact, the estimation of 
the thickness of thin films and thus SAMs), and the values will be compared. This 
comparison will provide a useful way to validate the method based on the amide I 
and amide II ratio. 
As Figure 62 shows, the thickness of the monolayers for the plus series 
increases with the number of H-bonds but, due to the decrease of the tilt, not 
according to a linear function. For the minus series it appears that the thickness 
increases in a similar way, but with an average smaller slope. To conclude, the 
minus series forms thinner monolayers than the plus series. If we now consider the 
surface coverages of Table 4, a smaller thickness of these monolayers is probably 
determined  by  a  less  effective  packing  on  the  surface,  which  may  allow  the 
peptides to tilt more significantly. 
 
 
l 
a cos × = l h 
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Figure 64. The graph shows the trend of the monolayer thickness as a function of 
the number of hydrogen bonds for the plus (blue circles) and the minus series (red 
circles). The inset shows a graphical representation showing how the calculation 
was carried out.  
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4.  Conclusions 
 
Nowadays the Enzyme-Linked Immunosorbent Assay (ELISA) based on 
optical  absorbance  is  the  standard  bioanalysis  method  with  claimed  detection 
limits as low as 3 pg/mL for Prostate Specific Antigen (PSA).
112 ELISA, however, 
suffers limitations in analysis time, sample size, and multiplexing. Preliminary 
studies in Jim Rusling’s laboratories suggest good potential for nanoparticles to 
make  bioelectronic  sensor  array  platforms  to  measure  collections  of  cancer 
biomarkers simultaneously, at high sensitivity (for example the detection limit for 
PSA was obtained as low as 0.5 pg/mL)
9, and without compromising analysis 
time or sample size. To assess the accuracy of the AuNP sensor in real biomedical 
situations, a collection of human serum samples with varying PSA content were 
used. These samples were also assayed by standard ELISA method. As Figure 65 
shows, immunosensor results indeed display a very good correlation with ELISA 
from sub-ng/mL concentration range to above 10 ng/mL, for this representative 
serum samples set.
9 
 
 
Figure  65.  Validation  of  AuNP  sensor  results  for  human  serum  samples  by 
comparing against results from ELISA determination for same samples. 
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It was thus demonstrated that the AuNP platform is competitive with other 
state-of-the-art approaches in terms of both sensitivity and detection limit in real 
samples,  and  may  prove  to  have  marked  economic  advantages  in  future  array 
fabrication.  On  these  grounds,  we  employed  this  kind  of  electrochemical 
immunosensor  to  a  new  biomarker  that  may  be  involved  in  carcinogenesis  of 
cervix  and  progression  of  cervical  carcinoma.  We  should  stress,  in  fact,  that 
nowadays  researchers  still  do  not  know  the  detection  limit  of  this  particular 
biomarker; similarly, the difference of concentration between healthy individuals 
and patients with cancer is still unknown.  
Since  we  did  not  know  the  range  of  the  expression  of  the  Nanog 
biomarker, we started by adopting the same approach that was previously adopted 
for the PSA biomarker.
9 Step by step, we optimized the experimental conditions 
by changing the concentrations of the several solutions used for preparing the 
immunosensor. Inhibition of non-specific binding of labeled detection antibodies 
was the most crucial step, because if the concentration of BSA was too high the 
signal was annihilated, but if the concentration was too low the signal was not 
reproducible.  
Since a significant number of biomarkers have normal levels in the low 
pg/mL range, we aimed at reaching sensitivity in this concentration range in order 
to  make  a  sensor  capable  of  measuring  both  normal  (=  low)  concentrations 
representative  of  cancer-free  patients  and  elevated  levels  indicative  of  cancer. 
Therefore, we implemented our immunosensor using StrMPs-bioAb2-bioHRP that 
conferred the best sensitivity and the best detection limit, due to the high number 
of  labels  on  each  magnetic  bead.  In  fact,  as  demonstrated  in  the  Results  and 
Discussion,  we  obtained  a  calibration  plot  that  shows  high  sensitivity,  good 
reproducibility and the low detection limit of 0.1 pg/mL; this will allow the study 
of  serum  samples  from  both  healthy  individuals  and  patients  with  cervical 
carcinoma. Integrating the electrochemical biosensor into a purposely designed 
electrochemical microfluidics device proved to be a very promising strategy to 
improve the sensor further. We believe that, after standardization of the method, 
this  immunosensor  should  be  readily  adaptable  to  measure  Nanog  biomarker 
expression in real patients, for point-of-care early detection and monitoring of 
cancer disease.   107 
 
We  also  carried  out  an  investigation  of  the  properties  of  two  series  of 
peptide SAMs in order to check their potential as possible templates for building 
the above biosensor/s. In a well-performing electrochemical biosensor, the control 
of the ET through the monolayer is of paramount importance. The ET behavior is 
dictated by the properties of the SAM in terms of electron tunneling and quality of 
the SAM itself. Aib-homopeptides were chosen for their peculiar properties to 
form stable and robust 310-helices even for short oligomers. For these systems, the 
ET rate is favored by the stiffness of the secondary structure, which in turn is 
associated with the presence of an extended network of intramolecular H-bonds. 
Two series of thiolated Aib-homopeptides were studied: a plus series with the 
positive pole of the dipole moment on the sulfur side and a minus series whose 
dipole moment is reversed. In each series the number of residues was varied. For 
the plus series, the number of residues was varies from 1 to 6, allowing to study 
the effect of having from 0 to 5 intramolecular H-bonds (according to the 310-
helix). For the minus series we focused on peptides with 1, 3, and 5 H-bonds. 
The structure and the stability of the secondary structure of the adsorbed 
peptides while in the SAMs were studied by IRRAS spectroscopy. We observed 
differences  as  a  function  of  both  the  peptide  length  and  orientation.  The  data 
showed  that  stable  310-helices  form  for  most  peptides,  while  for  the  shortest 
peptides  competition  between  intra-  and  intermolecular  H-bonds  makes  things 
more  complex.  In  general,  we  found  that  when  peptides  are  organized  in  the 
SAM, a wide network of lateral interaction is established, which contributes to 
increase the stability of the SAM itself and strengthens the secondary structure of 
the SAM constituents. This is particularly true for the plus series that proved to be 
slightly more stable, as helices, than the corresponding series of free peptides in 
solution. 
Complementary information on the organization of the SAM was gathered 
by calculation of the tilt angle. We found that the plus series gives SAMs with 
more  vertically  oriented  molecules  and  thus  thicker  SAMs  than  for  the  minus 
series.  It  thus  appears  that  the  reversed  dipole  moment  of  the  minus  series  is 
somehow  slightly  destabilizing  the  structure  of  the  SAM  relative  to  the  plus 
series. Because of this destabilization, the peptides of the minus series prefer to  
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adopt a more pronounced tilt angle with respect to the surface normal. With 1- the 
310-helical structure is totally modified (or even lost) in favor of later interactions.   
From our study, we conclude that long peptides of the plus series are liable 
to provide the most stable and ordered monolayers, whereas shorter peptides form 
SAMs that are less stable and more prone to defects. This evidence, together with 
the excellent ET properties of the long peptides of the plus series,
89 thus suggests 
that  sufficiently  long  peptides  of  the  plus  series  may  provide  a  particularly 
convenient support for the construction of efficient electrochemical biosensors. 
This  Thesis  was  made  possible  by  the  collaboration  (and  friendship) 
between my supervisor, Prof. Flavio Maran, and co-supervisor, Prof. Jim Rusling. 
The research proceeded smoothly and although some aspects are still waiting to 
be addressed, the general outcome of the two related topics was as all of us hoped. 
New challenges are, however, around the corner. To improve the efficiency of the 
biosensor,  we  are  about  to  optimize  the  immunosensor  by  changing  some 
elements of the transducer, particularly by using Aib-peptide SAMs which should 
lead to very fast electrode kinetics. We are also investigating the possibility of 
increasing  the  active  surface  of  the  electrode  substrate,  for  example  by  using 
nanostructured  gold  electrodes
113  as  an  alternative  to  a  bed  of  AuNPs.  Some 
attempts in this direction have been carried out, but this an aspect that for time 
limitations of this Thesis could not be covered.  
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